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ABSTRACT

The design and develop-%ent of piezoelectric transducer arrays

suitable for use in electronically scanned and focused acoustic

imaging systems is described. These arrays are designed to operate

in the frequency range 2-5 Mz within 45% to 802 fractional band-

widths. Linear arrays of up to 180 elements have been built and

used extensively in acoustic imaging systems. Particular attention

is placed on achieving high transduction efficiency and angular beam-

widths of at least ±15°• T.

Design techniques based on the transmission line model of the

transducer of Krimholtz, Leedom, and Yatthaei are formulated for

achieving efficient, broadband operation. These techniques involve

the use of quarter-wave matching layers between a high ;mpedance

ceramic and a low impedancc load. Broadband natching ctiteria are

generated, and a novel technIque for selecting thz quar:jr -vave

matching layer impedances is described. The theoretical transient

V response of the transducer is obtaincd by taking the Fou.Isr trans-

form of the transfer function of the transducer. An experimental

transducer built using the fo.-ulated design techniques is described

and its chascceristics co=pareed to theory.

Slot %-.; .ransductr arrays employing tall, narrow elements are

d.-ý' .Vred. A one-dimensional model of this kind of element is forms-

Isted, and the effects at co,-m-ling between element resonant zones are

et._ined, I variar.',4 .-heory for the effective radiation impedance

- iv -



of a narrow element is formulated, and the effect of this impedance

on the transducer characteristics it described. Experimental results

with simple, highly backed arrays on 100 to 120 elements as well as an a

180 element double quarter-wav.e I array are compared with the

theoretical predictions. A brief a, ition of the effects of array

cross-coupling on the element spatial frequency response is included.

The theory of unslotted, monolithic transducer arrays is presented

along with experinental results with simple, highly backed monolithic

arrays. Problems with achieving a uniform spatial frequency response

for an array of high acoustic impedance elements radiating into a low

impedance load are detailed. An application of this type of array using

low acoustic impedance material, PVF,, is shown. 'he broad and uniform

angular response of a ceramic monolithic array radiating into ceral is

demonstrated.
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CHAPTER I

INTRODUCTION: GENERAL DESIGN CONSIDERATIONS

The use of high frequency sound waves, or ultrasound, to visualize

the internal structure of biological tissue and to detect flaws and de-

fects in engineering materials has gained inpetus in recent years. .More

widespread acceptance of the use of ultrasound in medical diagnosis, and

the increased search for improved methods of detecting and characterizing

flaas in engineering materials such as nuclear reactor vessels, gas pipe-

lines, and airplane structures have stimulated the development of --ore

effective ultrasonic equipment. This development has been directed to-

wards increasing the scanning rate, the resolution and the sensitivity

of acoustic imaging systems used in these applications.

Heretofore most acoustic imaging systems have employed a single

acoustic transducer which is mechanically scanned to form an image

which is displayed on a cathode ray tube. The image is not fcrn-ed in real

time, it usually has limited resolution because the aperture of a single

focused transducer is typically small, and the transducers themselves

have not been optimized for -axi-mu bandwidth and efficiency. The non-

real tine aspect of acoustic imaging in medical diagnostic applications

is a severe problem in visualizing moving anatomical structures such as

the heart. Furthermore, because of the variability of slow mechanical

scanning, a large burden is placed on the operator to create and interpret

the i-ages. In the nondestructive testing field, the use of single

4-1-



mechanically scanned transducer systems is costly and time-consuming.

especially when large structures are being examined.

One obvious method of increasing the scan rate and increasing

the aperture of the system is to use a number of separate transducers

* excited one or sev.rral at a time which are electronically switched to

increase the scan rate. A number of systems are being developed using

"multiple transducers. Miost of these attempt to achieve real time opera-

tion at image frame rates greater than 15 frames per second. With arrays

of elements of large enough dimensions, diffraction limited resolution

can be obtained. The transducers In these systems can be arranged in

1-6 7-10
one-dimensional linear arrays, two-dimensional square arrays,

planar ring arrays, 11.12 and combinations of linear and ring arrays.13

These systems are usually operated In the pulse-echo =ode, with variable

electronic time delays to each transducer prcviding bea= steering and

focusing if desired.

Although the transducer array's reported here were designed for use

in a particular type of imaging system being developed in this labora-

tory, most of the design considerations are applicable to any imaging

system. The imaging system fcr which these arrays were built is exten-

sively described elsewhere,
6

'
1

,
1 5 

so only a brief description of the

system -ill be included emphasizing those aspects which influence the

design of transducer arrays.

The imaging syste= for which the arrays described here have been

designed is based on the synthesis of an electronic lens which can be

focused at different depths and rapidly scanned across the field of

1
-2-
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view (Fig. 1-1). In this imaging system. gated continuous wave signals

are applied to the individual elements of a section of a linear array

of acoustic transducers. The signal at each transducer ele-ment is de-

layed in phase in such a =axner so that the acoustic energy emitted by

the transducer elements has a quadratic variation in phase across the

excited elements. This phase variation is constructed to cancel the

spatial phase variation in the paraxial approximation so that the

acoustic beam is caused to come to a focus in the exact analogue to a

normal lens.

The reference phase delays necessary to fccus the acoustic beam

are provided by a tapped surface acoustic wave delay line. A surface

Ji acoustic wave is launched down the delay line with a linear variation

in frequency with tine. This yields a quadratic phase variation in

space at the individual taps on the delay line. .Lixing these signals

with a reference signal at each elem-ent of the array provides a beam

with the desired center frequency and a spatial quadratic phase varia-

tion. The focal point of this lens is then scanned across the field

by the mioving surface wave on the delay line, scanning at near the

surface wave velocity.

A fixed focus C-scan imaging system (Fig. 1-2) can be built with

a two-dimensional field being produced by mechanically scanning the

object (or, alternatively, the array) in a plane perpendicular to the

front of the array. A most interesting feature of this type of Imaging

system is the use of two linear arrays of N transducer elements to

produce a tw-o-diensional image of approximately N 2 resolvable sp;-t.

This provides potentially large savings in the cost of electronics over

3V
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FIG. 1-2. Schematic of a transmission mode C-scan electronically

focused imaging system.
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systems using two-dimensional arrays with N 2 elements.

The optimum design of the Imaging system just described requires: .

(1) Each element of the transducer array must respond as uniformly as

po~sible over an operating bandwidth of at least 50%. Even higher

bandwidths would be desirable in order to :hange the center frequency

of the imaging system for different applications. (2) The efficiency

of the transducer consistent with the bandwidth considerations should

be as high as possible in order to maximize the sensitivity and the

dynamic range of the imaging system. (3) The individual elements should

have uniform responses so that array artifacts are not introduced in the

acoustic image. (4) The elements of the array should be ideally placed

at intervals of half the accustic wavelength (the Nyquist sampling rate).

If the interval is increasedlaliasing of the image will be produced from

grating sidelobes, in the same manner that grating lobes are produced from a

diffraction grating. (5) In order for tne electronic lens to present as

large a field of view with as wide an aperture as possille, the angular

response of the individual elements should be uniform and broad over a

3 dB halfwIdth of 150 to 300. (6) The cross coupling between the indi-

vidual elements should be as small as possible to reduce array artifacts

in the image.

All of these system considerations are important to the performance

of pulse-mode imaging systems as well as the system previously described.

A few differences should be noted, however. Soce pulse-mode systems use

a sector scanning technique where the acoustic beam is steered in space

like a phased array radar. In this situation, even larger beam half-

widths, typically 450, are necessary to obtain a large field of view.

-6-



In addition, in pulse-code applications, a broadband electrical

signal is applied to the transducer which can then excitc ny spurious

nodes in the element which lie near the mode of interest, resulting in

array artifacts and loss of signal power. This is not ssch a severe

problem in the variable frequency imaging system previously described

where the frequency range of the electrical driving source can be limited

to the node of interest.

Considering these systems requirements, an array design must be

formulated which attempts to meet all these requirements or finds the

best performance trade-off if the requirements are contradictory. The

transducer arrays described in this report are built to operate in fre-

quency ranges between 2 to 5 .0Iz. This range was originally chosen for

demonstration purposes for the variable frequency -Laging system. It

has general applicability in medical diagnosis because the body tissue

attenuation and restrictions on signal power limit the usable frequencies

to this range. It is also useful in nondestructive testing applications

for the same basic reasons. The techniques described in Chapter III for

constructing slotted arrays are limited to less than 10 Mz. Higher

frequency arrays can be constructed using the type of array described in

Chapter WV or etching techniques similar to those used in integrated cir-

cuit technology could be developed for slotted arrays.

The spacing of elements in a linear array is determined by the

acoustic wavelength in the load medium; that is, by the center fre-

quency snd the acoustic velocity in the load medium. If a 3 M&.z center

frequency signal is to be generated or received into a water load, the

wavelength is then 0.5 cm. The ideal transducer element spacing of

-7

1• i--1-- . - - _ _



one-half wavelength is then 0.25 =. The experimental arrays described

in this paper were built with 0.5 or 0.64 mm spacing to reduce thz

number of electronic channels in the system for a given field of vieu

and hence the system cost. Smaller spacings could bave been achieved

with the techniques used.

The requirement for broad angular beam widths generally determines

the maximum width of the transducer element. If the width of the ele-

ment is several times the acoustic wavelength of the load medium,

usually water, the angular beam width will be small. This is easily

demonstrated by considering a plane wave incident upon a transducer of

finite width L at an angle e to the surface normal. The phase

variation across the face of the element varies as exp{-ikxsine I

Integration over the width of the element yields the normalized output

of the transducer, F(M) , as a function of angle:

L/2

F(S) = I/L f e-ikxsin dx , k - 2s/1

-L/2

sin(?L,! sin e)
F(5) L/ sin A] (1-1)

where F(e) = 1 at 9 - 0 . If one defines the acccptance angle, Sa

as the angle at which the output has fallen 3 dB, then

e - sin-1 (1.39 X ()2a Z

If an acceptance angle of 300 is desired at 3 T0.z (I - 0.5 mm in water),

then L must be less than 0.44 . As can be seen, if the element

-8-



spacing is close enough, this requirement is automatically satisfied.

Broader acceptance angles can be achieved with narrower elements.

More detailed discussion of this point will be given in Chapters III

and iV.

General piezoelectric design considerations, involving improved

techniques for achieving bread bandwidth with high efficiency, will be

discussed in Chapter II. These considerations are based on the use of

zultiple quarter-wave natching layers. A new method for choosing the

acoustic properties of these layers will be described and the integra-

tlon of the matching layers into the cverall design of a transducer

including backinv and electrical matching to achieve high efficiency,

broad bandwidth, and good impulse response will be discussed in detail.

This design approach is a distinct advance in the state-of-the-art since

transducer design has been al=ost totally en-pirical in the past except

in some of the simplest cases. 16'17 In Chapter II these considerations

will be limited to simple thin disc transducers which are easier to build

and understand theoretically. Also included in this chapter vill be a

discussion of practical techniques for implementing broadband transducer

designs. A single quarter-wave matched transducer was built to illus-

trate the design principles, and the properties of this transducer will

be compared to the theoretical predictions. In addition, a brief de-

scripcion of the neasurement techniques used to characterize experimental

transducers will be included.

A description of slotted linear transducer arrays will be given in

Chapter III. Included in this description will be rationale for our

employment of tall, thin transducer elements in the array. These types



of elements offer distinct advantages over the standard short, wide

ele-ents employed in most arrays or square cross-section elements

including stronger piezoelectric coupling by a factor of two and

weaker excitation of spurious modes of the resonator. The charac-

teristics of the resonant node of these elements as well as other

spurious nodes which r-ast be considered are discussed. The design of

quarter-wave matching layers for these elements will be included as

well as that of simple backed transducers. Th.e effective load and

backing impedance seen by a small element radiating into an infinite

half space has been calculated by -jariational theory and will be
shown. This has not been considered before in the design of elenents.

Design of practical electrical matching netuorks to optinize the power

radiated into the load will then be described. Finally, aspects of the

cross-coupling problem between array elenents will be developed from

both practical and theoretical considerations. Experinental nulti-

element arrays either backed or backed and quarter-wave matched. will

be described as illustration of the techniques described.

Finally, in Chapter IV, the theory of monolithic arrays, first

suggested by Auld,1819 will be described asd problems and design con-

siderations for this new type of array will be outlined. Experinental

results with simple broadband backed monolithic arrays will be described,

illustrating the problems involved with the design of such arrays using

piezoelectric ceramics such as the lead zirconate titanates and the lead

netaniobates. Finally applications of such arrays using naterials like

PVF7 and air-backed ferroelectric ceramics radiating into metals will

be described.

-10-



CHAPFTER II

DESIGN OF EFFICIENT, BROADBA.D PIEZOELECTRIC TRANSDUCERS

A. INTDDUCTIOl

The techniques for designing broadband, highly efficient acoustic

transducers are common to both array elements and sinple thin disc

transducers. Since the thickness resonance of thin disc transducers

is well understood, new design schemes are more easily checked out with

these relitively simple strictures then on small array elements. There-

fore, this chapter will be concerned with basic mechanical and electrical

broadband matching techniques as applied to thin disc transducers. These

ideas will then be adapted to the design of array elements in the next

chapter.

A design method for achieving nearly 100! transduction efficiency

over large bandwidths is presented. The concept is employed that one

or more quarter-wavelength acoustic =atching sections must be used for

efficient broadband operation when a high impedance piezoelectric ceramic

is loaded with a low impedance medium, typically water. The fact that

the transducer material itself 43n be regarded as a finite lecgth trans-

mission line is taken into account in the matching procedures. This

fact significantly affects the choice of impedancts for the quarter-

wave m3tching sections to be employed. In addition, in order to design

i - 1l -



transducers with good L-pulse response, the bandshape of the trans-

ducer passband should be Gaussian in form. This criterion is neces-

sary since the impulse response is simply the Fourier transform of a

the frequency response, and the transform of a Gaussian shaped pass-

band is an RF pulse whose frequency is the center frequency of the

passband with a Gaussian shaped envelope. Transducer designs Vill be

formulated with this need in mind.

The electrical input impedance of an acoustic transducer and

consequently the insertion loss and other parameters of interest can

20be determined from the well-known one-di=easional Mason model. In

addition, the effects of complex acoustic load and backing impedance

on the overall response at the transducer can easily be taken tnto

16
account with this model. In several papers. notably those of Kossoff.

Goll and Auld, 2and Goll. 2 the effect of various acoustic natching

layers at tne two acoustic ports of the transducer on the transducer

characteristics have been analyzed. These approaches have included the

use of high loss backing materials and quarter-wave matching sections.

-cwjevs-r, the design of transducers with high sensitivity (low insertion

lo-s), broad bandwidth with low ripple, and shorr-duratlon impulse

response 'has remained largely a trial and error process. Th!s i4 be-

cause the Mason zodel is a lumped circuit model. Thus, it does not lend

itself easily to physicz' interpretation of the effects of various

acoustic matching layers whose thickness are the order of a quarter

wavelength. The optimization of the transducer characteristics, such

as the bandwidth, bandshape, and impulse response is, in turn, hampered.

- 12 -

t_i



A design procedure is presented here based on the transmission line

model of the transducer of Kri--holtz, Leedom, and .fatthaei, 23,2 shown

in Fig. 2-1. This model has the advantage that it retains the Intui-

tively satisfying transmission line nature of the transJucer, but re-

places the real distributed coupling due to the piezoelectric effect

"with a single coupling point at the center of the transducer. The dif-

ferences between distributed and single point couplings are included

through a frequency dependent turns ratio in the coupling transformer

and a series reactance. Both physical intuition and computation are

facilitated, since acoustic catching techniques typically use trans-

f mission line formalism in theory and transmission line matching sections

in practice. Electrical matching techniques in the frequency range of

interest typically use lumped co=pcnents. The =arching techniques have

been analyzed and synthesized on a series of computer programs. Theii electrical input impedance, conversion loss, and I=pulse response of a

transducer can then be easily determined. The accuracy of such tech-

niques is sufficient so that the effects of firite b4ond thiciiess4s be-

t'een matching layers, of stray capacitances and inductances, and of

excess electrical resistance show up strongly, and make it possible to

determine the nature of errors in the construction.

One transducer has been built to illustrate this design approach

and shows characteristics in excellent agreement with the theory. This

transducer was constructed using lead --etaniobate (Keramos K-81) as the

active material, matched into water with a single epoxy catching section,

air backed, series inductively tuned, and matched into 50 ohms. This

transducer shows the desired flat response over the 40%, 3 dE passband,

6.5 dB round-trip insertion loss at band center, and the predicted im.pulse

response.

-13- _____ ____
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25
A double quarter-wave matched transducer was built by Fraser

using epoxy and a light borosilicate glass as the quarter-wave plates.

This transducer showed 3.2 dB insertion loss and a 70% passband. The

author concentrated on applying the catching techniques to array

elements.

B. TR•hSDUCER MODEL

The transmission line model of Krimholtz, Leedom, and .atthaei,23"2.

hereafter called the MM. model, will be the basis of the transducer

designs in this paper. In this model the piezoelectric element of

the transducer (the term transducer will be used to describe the overall

device consisting of the piezoelectric element, backing, nechanical

transfor=ers, and electrical matching components) is described in the

following canner: (1) a center-tapped acoustic transmission line with

a half-wave resonant frequency wo and terminated by front and back

acoustic loads; (2) a frequency dependent acoustcelactric transformer

connected at the center node; and (3) two series lumped elements, one

a capacitance representing the clamped (zero-strain) capacitance of the

piezoelectric material, and the other, a purely reactive i--pedance aris-

ing from the distributed nature of electroacoustic coupling.

The transformer has a turns ratio 0:1 wlhere

0 - kL.(s/wO% Zc)
1 /

2 
sinc(rwii.•O) , (2-1)

and the parameters are defined as:

d - thickness of the piezoelectric element

A - area of the piezoelectric element

-15-



0 - mass density

S
C - clamped dielectric constant

D -c . stiffened elastic constant j

va - stiffened acoustic velocity

Z - =v - stiffened acoustic i--pedancea a

e - electromechanical coupling constant

2 e2DS / effective piezoelectric coupling coefficient

Z ZZAc a

:,o= 2v/d = half-wave resonant frequency

CO  J £ AMd - clamped capacitance

sinc(x) - sin(x)Ix.

The additional reactance in series with the transformer can be modeled

as a variable capacitance of a value

C' - -(Co/k 2) slnc(/AiO)• (2-2)

As !C': >> !Co* it has only minor influence on the operation of the

transducer. This model has retained close ties with the actual physical

processes in an acoustic transducer, with the advantage of a single cen-

tral coupling point between electrical and acoustic quantities.

C. BROADND MATCP.I\G CRITERIA

The optirmm conditions for obtaining =aximu= bandwidth with =ininu=

insertion loss, where the acoustic parts of a transducer are terminated

with pure resistive loads, is calculated. The MI equivalent circuit

for this case is a half-wave transmission line ter-minated by a load

a eend and a load Z at the other. W'hen ZL.ZR < the approxi-
at onea

-ate acoustic Q ( Q.) of this resonator can be determined roughly from

a simple lumped circuit representation of the line.26 The impedances Z

-16-



and Za are transformed to the center tap where their values become

Z"zL2 and ZC/ZR respectively. The cotal resistance at the center

c" .nap is then Z +(Z,+2) The resultant two short-circuited quarter-

wave transmission line sections are modeled by expanding the reactance

of each line,

Sn (J) - gC tan (2-3)

In a power series representation where the for=ula

tan x - j2x (2-4)

n=0 [(n I)12-x

is used. Thus the line reactance can be represented in the form

x.n(a) 2.j a . (2-5)

n..l n

From this forcula a lumped elem-ent nodel can be determined which

has the form s.hown in Fig. 2-2, where the lumped constant element values

are C -- la ,C -1/(2a) and L. (-2a.)/u2. Combining Eqs.

(2-3) and (2-4), the ele=ent values for the z roith and first-order modes

for each short-c~rcui:ed quarter-wave line are CO - , J 1 0 , 0

C i - T/(, 0 Zc) , and L - (4Z C)!(1;0 1 Since the. two lines: are coo-

nected in parallel, the two equivalent circatts are zddd! in parallel; and

the total equivalent circuit representing the resonance near W - W0  can

be represented as shown in rig. 2-3. The acoustic Q of the transducer

can now be found from Qa Q w0 (stored energy)/(average power lors) or

- " 0 C -oc (2-6)
2 ZR + ZL

-17-
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FIG. 2-2. L=ped element representation of reactance Of a crans-
mission line.
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FIG. 2-3. Lu~ped element representationlof the acoustic
trpn~snission line of a piezoe ectric transducer.
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for the parallel RLC circuit shown in rig. 2-3. On the other hand, the

electrical input resistance of the transducer at w j 0 is

o 30 44 ( ZC (2-7)

2aO CO ZR+ ZL

Thus, if the transducer is operated in a simple series tuned circuit

such that the tuning inductance L is chosen so that w0- 1 1w0 C0

and if a constant voltage source is used, the electrical Q Qe ' of

the circuit is si-ply

C R C Ie (2-8)
QORaOCO

It is apparent fron (2-6) and (2-8) that Q. decreases as (ZR+ZL)

increases but Qe increases. For optimum bandwidth is obtained

with Q- - Q , so that the following condition is reached for the

optimu acoustic load i=-medance:

Sk r . (2-9)

Therefore, for widest bandwidth and highest efficiency, one should

choose a material with as large a kT as possible. This lovers Qe

of the circuit and from (2-9), changes the optimum choice of termi-

nating impedances.

An approximate derivation of the parameters of the co=plete equiva-

lent circuit of the transducer shows that the impedance presented at the

)

transformer terminal, correct to first crder in II (u - t)/w~

-20-



is

zINe ZR+ZL ( Z ; (2-10)

The reactive part of this impedance is like that of a negat!ve induc-

tance. The reactance seen at the generator, including a series tuning

inductance L chosen so that wOL - l/woC0  is

S. - 4 z zL l . (-1

This expression is correct to first order in a . The first term in ]
Eq. (2-11) is due to L and C0  in series; the second term is due to

the capacitance C' in the equivalent circuit, and the third term is

due to the acoustic loading. It can be seen that the first-order

variation of the reactance X with frequency is nininized if ZR 'z

is chosen to satisfy Eq. (2-9). Therefore, this choice of terminating

impedance satisfies the requirement for optimum matching from a constant

voltage source, as vell as the requirement for an approximate cancel-

lation of the reactance variation.

if the impedance of the generator is chosen to equal Rao , the

efficiency of power transfer to the transducer is

4R R!

R+a Ra2 (2-12)
( R a I R . 0) 2 + 2

Since R - Rao at the cente' frequency, and since the first-order

variatlons of the reactance with frejuency are eaqentie•l7 eliminated,

the efficiency n will have only fourth-,rder variations with frequency

-21-



due to the variation of X with frequency. First-order variations of

Ra with frequency only give rise to second-order variations of n•

These results can be applied to air-backed transducers using high

kT piezoelectric ceramics. in the case of a lead metaniobate trans-

ducer (kT - 0.32 , Z 20.6), the optimal choice of the load impedance

transformed to the center tap for a series tuned 100Z efficient trans-

ducer is 44.4. For ?ZT-5A ( - 0.5 , Za - 34), this impedance is 48.2.

It will be shown in the next section that transformed load impedances

close to these estimates can be achieved with one quarter-wave plate for

water-loaded lead metaniobato and two quarter-wave plates for water-loaded

PZT-SA if the transducer ceramic is taken into account in the matching

scheme.

D. FRONT ACOUSTIC LOAD LINE

The acoustic matching problem for a piezoelectric ceramic used to

excite an acoustic wave in water is now considered. The impedance of

the transducer -aterial is typically 20 to 35 and that of the water is

1.5. Thus, in the K11 maddel, the impedance looking into the right hand

acoustic load line is like that of a transmission line with essentially

a short circuit termination. The impedance is very high at the center

frequency, but drops quickly to low values. Consequently, the band-

width of the transducer is very small, unless the i--pedance at the

center is kept low by using a backing termination.

Quarter-wave i-pedance transforrers between the load and the

piezoelectric ceramic will broaden out the response characteristics,

giving higher efficiency than transducers dam-ped by a matched backing

-22-



and broader acoustic bandwidth than undamped transducers. In the past,

such transformers have been designed to =arch the load impedance to the

characteristic impedance of the transducer material at the center fre-

quency. A better procedure, which is adopted here, is to design the

transformers to give a desirable Impedance at the center terminal of

the KLM. =odel. Thus, following the earlier discussion, the front half

of the transducer is itself treated as a quarter-wave =.atching layer,

in addition to the quarter-wave =atching layers bonded to it. As

opposed zo the usual design procedure, Z. , the impedance of the first

matchina section is choscn to be the transducer material, so Z. . Z

The value of Z , the input impedance to this section, is then deter-

mined. Thus a broadband match is obtained because use Is made of the

extra matching layer which already exists in the device.

The design of quarter-wave transmission line matching sections has
217 28 29

been formulated by Collins, ?.iblet, and Young, and others. Their

designs call for the tranamis•sion lint reflection coefficient magni-

de Fr , or, alternatively, the power loss ratio P"o I,/(,- 1'_21rud

to exhibit either a maximally flat or Tchebycheff response over the

desired frequency passband. Larger passbands are achieved by the

addition of more transformer sections.

A similar cpproach can be used in the design of the acoustic load

line, although the acoustic impedance =Isrzatches are typically much

larger than the microwave ones, so higher order terms are much bigger

and should be included In the calcUlation of the reflection coeffici.ent.

Nevertheless, the design formulae developed for two and three-layer

cransmission line sections can be applied to the acoustic case, and

reasonably good results are obtained in exact numerical solutions.

23



As an illastration, the impedance formulae for the biw •ial trans-

former are given which gives close agreement to the maximally flat case

for 3 small number of matching sections:

n - C t.-t- (2-13)
Zn n z IN

:here

ZT . terminating load impedance

ZI, . input im.pedance of the transmission line system

Z - nth quarter-wave matching section impedance

- bincmial coefficient -
n (N-n)! n!

Z; - transformed load impedance at the right hand end

of the transducer trans-.Ission line.

The results shown in Table 2-1 are used as the starting basis for

the transducer de'signs reported in this paper. In each case, ZI is

the impedance Z. of the transducer material.

As an example, consider the design of a transducer to be built

using lead metaniobate vith a water acoustic load. One bonded matching

setion is to be e-ployed, and a =aximally flat passband is desirea for

the front load line. Using Table 2-1 for the two-layer transformer,

and taking Z. = 1.5 and ZC = 20.0 , the input i-pedance of the

acoustic load line (Z L) is found to be 447.4, over twice the material

impedance. This is very close to the optim•- value of 44.4 calculated

in Section 1.1C.

- 24 -



TABLE 2-1

Matching Fcrmulae

Z IN z 2 g 3 z R
One Section c2 /Z1T

Two Sections z 13 z 3  
11' 3 z9  I - /ZTI

•,[7./I W Z317 ZC4/7 176/7 .C1/7 z z2-3 z
Three Sections 4rzT 17 

_• j ' z 2T •Z 3 -

The impedance of the =atching layer (Z2) is found to be 3.56,

which differs markedly from the value of 5.48, the value calculated

if the ceramic were assumed to be an infinite acoustic transmission

line.

The power loss ratio (P.) through the matching layers is plotted

as a function of frequency for both cases in Fig. 2-4. As can be seen,

the ideally maximally flat response is obtained for the case when the

=atching layer impedance is 3.56. In Fig. 2-5, a comparisen of the

acoustic load line input impedances for both cases is sho.'n, and rapidly

varying input acoustic impedance for the case Z2 . 5.48 is demon-

SI strated.

This system tends to give a broader acoustic bsndwidth, because

two matching layers have been taken into account and a broader elec-

trical bandwidth with better efficiency, because it presents a higher

electrical i--pedance at band center.

A si=.ilar calculation for a PZT-SA transducer =atched into water

(ZC - 34) yields a value of Z,. for two matchiag sections of 96.2;

-25-
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with three secticns, Zr. - 53 , Z - 8.9 , Z3 - 2.34 . The value of

Z IN for the three section macched system Is slightly larger than the

optim- value of ZIN- 48.2 estimated in Section II.C.

Therefore, it is concluded that the optlmum lead metaniobate trans-

ducer matched to water requires one extra matching layer with an impe-

dance of 3.56, while the PZT-5A transducer requires two matching layers

of impedances 8.92 and 2.34, respectively.

Wider passbands can be obtained for a given nu--ber of macching

sections with Tchebycheff response if passband ripple can be tolerated.

As will be shown in the next section, the acoustic backing line, in

general, limits the usable bandwidth of the transducer, so that this

filter response is not as useful as it might be. Moreover, the

Tchebycheff filter response yields steep "skirts" on the frequency

response, which is undesirable in pulse-node applications.

E. EFFECT OF BACKING

In the transmission line model, the acoustic icpedance seen at the

center node is the parallel combination of the input impedances of the

front acoustic load line and the back acoustic load line. Ideally, the

back load line should be designed to absorb as little power as possible

and to maintain or enhance the passband characteristics. In the simplest

case, where the transducer is air-backed, the backing line consists vir-

tually of a shorted quarter-wave section of piezoelectric ceramic. The

back load line input icpedance is then

L J ZC tan (2-14

-28-



Lh
At the center frequency, Z' is infinite and has no effect on the

IN4

acoustic impedance. Hovever, Z decreases rapidly to zero at

Woe - 2 and - 0 , and limits the useful bandvidth of an air-

backed single quarter-wave matched transducer to about 452.

The effect of the shorted back load line on the input acoustic

inpedance is shovn in Fig. 2-6, for the lead netaniobate transducer

previously discussed. As can be seen, the bandwidth of the passband

is considerably reduced and the band shape is considerably altered.

The combination of the front load line with a low impedance shunted

back load line is an opti=nu for high efficiency, broadband designs.

This is because the inaginary part of Z varies linearly with fre-

quency over the passband, so it tends to cancel out some of the errors

introduced by the electroacoustic transforner and a simple series tuned

electrical tuning netwmork.

The efficiency and bandwidth of an air-backed transducer can be

estimated for the case where Eq. (2-9) is satisfied. At band center,

the KI.( equivalent circuit is shown in Fig. 2-7 for the untuned case

and a generator inpedance of Z0 R Since C., -

at center frequency, its impedance can be ignored, and the efficiency

of pover transfer from generator to load is
2

.• - -(2-15)

For PZT-5A (1 0.25) , q is 58Z while for lead metanio"bate (2 0.10),

n is 432. These efficiencies correspond to mininum round-trip insertion

losses of 4.7 dB and 7.3 dB, respectively. It is clear that the higher

2
the value of ki the greater the untuned efficiency.
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FIG. 2-6. Effect of shorted back load line on acoustic iopedance of
n=axinallv flat front load line. Lead --etanlobate trans-

"-ducer (1.27 c= dia=eter).
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FIG. 2.7. Equivalent electrical luiped circuit of
transducer terminated by air and opti-"un
load at the acoustic ports.

- 31 -



The addition of series inductive tuniog would lower the minicmt=

loss to 0 dB at band center. The bandwidth can be estimated from the

electrical Q where R0  -Rao and-' for optimum power transfer and

condition (2-9) is satisfied. Therefore,

7:,1 1 a

"* Qe - -2- (2-16)
e W0 (RO+ Rao)C0 2 w 0 Ra0 C0  4, k

For k•-02 n .0 (•)3d__...B . 1 would be 90% and 51%, respec-
Fr 2 0.25 and 0.10 , )M o

ki~ ~~ w0 Qe I e92ad5% epc

tively.

The next simplest back load line design would be the addition of a

resistive load of impedance ZL to the ceramic quarter-wave section.

This is acco:plishtd in practice by bonding a high loss material to the

back of the piezcelectric ccrtmic to simulate an infinite transmission

line, so that no power is reflected back into the transducer from the

back. The effect of resistive loads of varying impedance on Z1. of

the lead netaniobate transducer previously described is shown in Fig.

2-8. In general, as would be expected, the midband Impedance is con-

siderably reduced as the backing impedance is increased. When the
L

backing i=pedance approaches Z , L becomes entirely resistive

and equal to 1C . It should be noted that most of the available power

i- this case is radiated into the back load line. since its impedance

would be only about 40% of that of the f:cnt load line. With a large

number of quarter-'Jave plates on the front load line, Z R wouldIN

approach Z. , and the round-trip insertion less woul; approach 6 dB

at best. In this case the Z drops in value so brcdband electrical

=atching beco--es more difficult. Thus, this type of transducer would

be optimized by using several quarter-wave plates wit. a more complicated
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matching network than just a simple inductance. Alternatively the match-

ing network could be omitted at the expense of a decrease in efficiency.

It is worthwhile to consider here the important case where a trans-

ducer is terminated by a !atched backing (Zl = ZC) and no quarter-wave

matching is used. In this case, most of the power is radiated into the

matched backing. If the voltage at the center node in the ML1 model is V ,

the power emitted at the center frequency into the left and right hand

sides is V2ZLI2Z and V
2 
R/2 2 , respectively. Following previous

arguments, since the total radiation resistance is Ra0 = rZcI["ý 0Co(ZR+ZL)]

the maximum efficiency of an untuned transducer is

2z R
2  

2 (2-17)

(:Z.+ ZR )(I + I + :;(ZR+ZL)/ik.ZC*)

The maxi=au efficiencies for PZT-SA and lead metaniobate are 0.9% and

1.6%, respectively. This corresponds to round-trip insertion losses of
/

41 dB and 36 dB, respectively. Note that in this case, the lead meta-

niobate transducer has greater efficiency than, the PZT-SA one because

its lower acoustic impedance matches water better.

The use of a lossy backing of relatively low impedance is useful

in the design of a quarter-wave matched transducer, however. The band

shape of ZIN for a backed transducer rounds off as ZL is increased,

and becomes Gaussian shaped. The impulse response of the transducer is

therefore improved, as will be described. The problem for the designer,

then, becomes compromising band shape versus insertion loss for this

particular transducer configuration. A very low impedance backing of

about 3 appears to be adequate for the single quarter-wave matched lead

metaniobate transducer described above.

-34 -
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If the backing impedance were to be made large with respect to ZC

wL ould approach a short circuit at the center frequency and increase

to some peak value at approximately f/fo -0.5 and f/fo- 1.5 . The trans-

ducer could then be operated on a quarter-wave or three-quarter-wave

resonance. Since, in this case the electroacoustic transformer has a

better response at low frequencies, a transducer built on this principle
could be successfully cperated as a quarter-wave transducer with only

slight effects from the higher resonance. This design has been used by

Bui, Shaw, and Zitelli
3 0 

for a very broad bandwidth transducer which uses

low impedance (ZC = 3.8) PVF 2 as the piezoelectric element, mounted on

a high impedance (Z - 31) brass backing. In this case, the electrical

coupling is weak (IC, 0.012) , but the acoustic matching to water is

very good. Therefore, a large bandwidth untuned transducer can be con-

structed with excellent impulse response, as can be seen in Figs. 2-9(b)

and 2-9(c). This design.vculd be difficult to use for i=ersion transducers

employing ferroelectric ceramics, since no backing -aterial exists whose

impedance is considerably higher than theirs.

F. ELECTRICAL PORT

in order to minimize the-Insertion loss, the electrical input impe-
dance (Z1,•) of a transducer should be entirely real over the passband,

and the radiation resistance (R a) should equal the electrical source

resistance Z. For a lossless air backed transducer, the radiation

resistance of the acoustic load is R . If the transducer has a resis-a

tive load on the back load line, the co-mponent of interest =ust be sepa-

rated out from R . In addition, the frequency dependence of R should

be tailored to fit some bandshape criteria, such as a Gaussian form, for
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optimum i--pulse response. As we have seen, the design of a low loss,

broadband matching network is considerably eased if the electrical Q

of the transducer is low to begin with, which means using materials

wi1:0 large electroacoustic co ipling constants (k)

The electroacoustic transformer in the transmission line model is

frequency dependent, unlike the transformer in the Mason model. The

dependence varies as sinc(,lw/uO) . This function decreases with u

near t = w0 , so the radiation resistance tenas to be higher at the

low frequency side ef resonance. In the range 0.5 < w/w0 < 1.5 the

variation of 0 with frequency is almost linear with frequency. This

effect is detrimental to the response of the transducer and should be

compensated, either by an electrical tuning network or by wetghting

the high frequency side of the passband by suitable acoustic matching.

The latter approach, suggested first by Coll, is easily accomplished

by increasing the thickness of quarter-wave plates by a small azount,

usually between 4 and 10. The amount of this "skewing" has been deter-

mined empirically by trial and error computer simulation of the input

impedance and insertion loss of the transducer in question. The effect

of the quarter-wave plates operating at a slightly lower frequency than

the ceramic compensates the frequency dependence of the transformer turns

ratio, as can be seen in Fig. 2-10. The result is an approximately sym-

metrical bandshape, about a center frequenc7 90 to 96: of the half-wave

resonant frequency of the ceramic.

The series reactance lumped eleaent has a frequency dependence

which varies as (sin zj1/•0)1*2 . This reactance is arways small co*-

pared to that of the capaditcve reactance 1/-C, of the transducer and

can essentially be neglected in the disign of octave bandwidth transducers.
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Wider bandwidth transducers would probably require an iterative numeri-

cal electrical filter design program ro co=pensate for this term.

The final intrinsic electrical element in the transmission line

model is a capacitor representing the zero-strain (clamped) capaci-

tance of the piezoelectri•c =-terir. As we have seen, for ninin-

insertion loss, this capacitance must be tuned out. This is most

easily accomplished with a series inductance tuned for zero reactance

at the center frequency, a procedure which is adequate for materials

with large k_ . Generally, a more sophisticated tuning network would

be desirable for broadband operation.

In all cases, the design of an electrical =arching network is

highly dependent on the acoustic termination of the transducer. For

the particular arrangement w-.re the front matching plates are chosen

to be maximally flat, the total imaginary part of the electrical input

impedance is negative but varies like a negative inductance over the

passband; therefore, a series inductance just ca-.cels the i-ag-nar- part

of the impedance over the entire passband, as Is discussed in Section C,

and as can be seen in Fig. 2-10. ThuS, the Input impedance becomes en-

:irelv real over the passband as desired. An electrical transformer then

can be employed to scale Ra up (or down) to the source impedance Z0
" ~This is the design technique employed for all the experI:zental trans-

ducers, including array elements, described in this paper.

G. MNASM ESPO

The transient response of a transducer excited by a delta function

input can be obtained simply by taking the Fourier transform •'f the fre-
31

quency response. The cleanest response is obtained when the envelope

- 39 -



of the output pulse is Gaussian so that the wave packet a-plitude

decreases conotonically to zero from its -axi.un a=plitude. This

requires that the bandshape of the frequency response be Gaussian

shaped as well. This fact can be clearly seen in Fig. 2-11 w'here

a co•parlson of two i•pulse responses is shown, one of Gaussian band-

shape, the other of square bandshape of equal 3 dB bandwidth. The

time response corresponding to these two bandshapes. neglecting non-

"linear phase variations, are given in Eqs. (2-18) and (2-19),

respectively:

F(t) = A cos w0t e•ar (2-18)

F(t) = B cos w0c sinc (b4rt) , (2-19)

where ,;0 is the center frequency of the passband and . is the 3 dE

bandwidth, and the a=plitude is taken to be =axiun at t - 0

As described earlier, air-backed transducers with =axi•ally flat

front load lines yield square bandshapes. The addition of a relatively

low i=pedance backing caus-s the bandshape to be =ore Gaussian, thus

yielding a better i=pulse response. This is obtained at the expense

,.f so=e loss in bandwidth and sensitivity. Another possibility for

obtaining better i-pulse response for air-backed transducers is to

chooze a set of quarter-wave matching layers which satisfies a filter

response other than the =axi•ally flat set. This point has not beer.

explored further by the author at this time.
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A set of computer programs, rrirtan by J. Fraser, has been used

to analyze the IM model for theoretical studies on transducers. The

impulse response is calculated by taking the fast Fourier transform of

f the theoretical bandshape, including all the nonlinear phase variations.

Other quantities such as the electrical impedance and insertion loss

can be easily obtained with these programs.

H. EXPERflMAL RESULTS

A 12.7 me diameter, air-backed, single quarter-wave matched trans-

ducer was built using lead metaniobate as the active material. The

parameters for the ceramic, supplied by Keramos Corporation and deslg-

nated K-81, were measured using the technique of Bui, et al, ,32 and

2
determined to be as follows: kz, 0.10 ; mechanical Q, (-, - 24

in a -ds-r aM n fl3w66 o0. ZTC p 20.0wr A batching plate was

S ,•02= -2.06• ; 333

fabricated by lapping a pres e of Dov apoxs Resin 332, hardened with

oertaphenylene-dia ne to a thickness equal to a quarter a avelength at

bond.01w The epoxy had a characteristic i-ipedance of 3.3h, singhtly

0U

•" less than the optim~al maximlly flat value of 3.56.

t The cerasic msd epoxy plates were cleaaed in organic solvento,

heated for sevfral hours to remove any absorbed solvents, and asse=bled

in a dust-free Is-Lnar flow hood. The plates were bonded wi-Jth epoxy

under a nonuniformi pressure device, as suggested by Fapadakis, 33 in

order to remove trapped air bubbles and to insure a negligibly thin

bond. The resulting assembly was mounted into a plastic housing. This

transducer was measured, and later a 13.9 .E series tuning inductor and

W REC conmector were added.
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The input electrical impedance of the untuned transducer is shown

in Fig. 2-12. Excellent agreenent with the theoretical calculation,

which includes the finite loss of the ceramic, can be seen. The experi-

*ental electrical impedance was obtained using a Hevlett-Packard Vector

lapedance 14eter. It can be seen that the impedance is very flat over

the passband ind slightly tilted because of the frequency dependence of

the electroacoustic transfor-er. 2Vo quarter-wave plate "skewing" was

used in this experiment. The i.aginary part of the i=pedance shows a

slight divergence from the theory at low frequencies. This effect has

not been satisfactorily explained yet, but could be due to tvo-dimensional

effects not taken into account in the one-dimensional model.

An inductor was made by wrapping eleven turns of wire about a fer-

rice core, yielding 13.9 ZE of inductance. This is slightly less than

the 15.9 tfl desired. The two-way insertion loss of this transducer was

aeasured by trans•itting an acoustic wave from the transducer. excited

by a 50 ohm internal impedance tone-burst generator. The amplitude of

the output of this generator into a 50 ohm load was zeasured at each

frequency, so as to determine the available power. The transmitted energy

was reflected off of a perfectly reflecting asr-uater interface and re-

ceived by the transducer loaded by the same 50 ohm generator. A high

izpedance probe was used to =easure both the trans--itted and received

electrical voltages. The two-way insertion loss was =easured by com-

paring the available transmitted voltages and the received voltages as

a function of frequency and was ca-pared to the theory, as Sho-wn in

Sd Fig, 2-13. The Insertion loss of the transducer w"s 6.5 dB at =id-

band, co=pared to the theoretical value of 1 dB. The 3 dB bandwidth

is 4•0, as predicted, and the bandshape is flat over the passband, as

k -43-
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designed. The additional 5.5 dB loss of the transducer over what was

predicted is thought to be due to internal losses in the inductor and

to phase cancellation, since the epoxy quarter-wave plate was slightly

wedge shaped.

A comparison of the experimental and theoretical i-pulse response

of the untuned transducer is shown in Fig. 2-14. The theoretical

.impulse response was calculated by taking a fast Fourier transform of

the transducer transfer function, as previously described. The experi-

mental results were obtained by shock exciting the transducer with a

Panazetrics Pulser (Hodel 5050PR), using a 5G ohm dacping resistor in

the circuit and digitizing the reflected echo off an air-water interface

with a Bicmation 8100 transient recorder sampled at a rate of 100 .Miz.

As can be seen, the agreement between theory and experi-ent is excellent.

46
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CHAPTER III

SLOTTED TANSD4UCER ARRAY DESIGN

A. L,'TRODUCTION

The design of linear transducer arrays constructed of tall thin

elements is described in this chapter. Experimental results with

simple backed and double quarter-wave matched and backed arrays are

also discussed. The basic structure of these arrays, illustrated in

Fig. 3-1, involves mounting each piezoelectric element on a lossy back-

ing medium, and radiating into a load medium through several matching

layers. A face plate, acoustically similar to water, is used to keep

water from getting between the elements and introducing acoustic and

dielectric cross-coupling. The choices of matching layers and backing

materiala are based on the concepts described in the previous chapter.

In addition, there are several problems, both theoretical and tech-

nological, which are unique to the design of small element arrays.

These problems are summarized in Table 3-1 and will be addressed in

this chapter. These include description of the extensional mode of an

element of near square cross-section, description of the effective load

impedance seen by an element, design of acoustic nmtching layers, and

effects of cross-coupling between elements of the array.
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TABLE 3-i

ACOUSTIC TRANSDUCER ARRAY DESIGN

Theoretical Problems i Technological Problems

Description of extensional mode Design of transducer element
of transducer element of near with desired center frequency
square cross-section and bandwidth

Description of effective Fabrication of high loss, high

backing impedance seen by impedance acoustic backing

slotted element

Effect of finite bond thickness Fabrication of acoustic bonds on
on response of element the order of I uz or less

Design of acoustic =aching (a) Selection of 1/4 matching
schemes into load medium zaterials

(b) Slotting composite material
structure to create acous-
ricaily matched ele--ents

I (a) Description of cross- Fabrication of strong, thin face
coupling between array plate with low acoustic cross-
-elements coupling

(b) Effect of cross-coupling
between elements on
element response
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B. MODEL OF A NARROW SLOTTED ZLDE?4N-

It is desirable in focused imaging systems like the one described

in Chapter I to space arry elements one-half vave~ength apart to avoid

grating sidelobes in the image in direct analogy to the grating lobes in

a diffraction grdting. In this instance, the elements would have a vidth

(L) comparable to the height (H) as sho•n in Fig. 3-2. It is assumed in

all future discussions that the length of the element in the y-direction

is large compared to the other dimensions so that the structure is basic-

ally two-dimensional. Thzt L ani H are comparable is easily demon-

strated by noting that at 3 MHz the acoustic vavelength (A) in water

is 0.5 = so that the maxi•-= widch of an element spaced at I V1
2 

is

0.25 =. In the experimental arrays reported in this work, L is always

in the range 0.25 to 0.30 = and the element spacing Is about 0.5 to

0.64 c=. With elements constructed of PZT-SA piezoelectric ceramic, the

stiffened extensioral velocity in the z-direction is about 3.8 (.0) cc/sec.

Therefore, to operate the transducer element on the fundamental half wave-

length resonance at 3 MHz, the height of the element must be on the order

of 0.63 =-. In this case, then, It can be seen that H = 2L , a ccafigu-

ration dictated by system design considerations. The boundary conditions

for a piezoelectric resonator of these dimensions are obviously much dif-

ferent from the thin disc resonator discussed in Chapter II vhere L >> H -

Consequently, the simple theory of the thin disc resonator cannot be ap-

pl-ed to this structure without modification.

When both lateral dimensions of a transducer are comparable to the

height, the longitudinal straina S 1 (Sx) and S 2 (y) cannot be taken

as zero. Therefcre, a one-di=ensicnal model cannot in general be used to
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4. Pdescribe the response of the transducer. In a linear array vhere the

transducer element is essentially a tvo-dimensional structure as shown

"in Fig. 3-2, there is strong coupling between the desired zeroth-order

extensional resoncnce (z-direction) and the zeroth-order lateral exten-

sional resonance (x-direction) when the element has near square cross-

section.34 In this case, the frequency of the desired lower branch

of the coupled modes is significantly down shifted. In addition, the

undamped upper branch of the coupled modes Is very close to the fre-

quency ef the lover branch and will be excited in any broadband system,

yielding a peaky transducer bandshape. For these reasons, transdjcer

elements of near square cross-section should be avoided in broad band-

width syste-.s.

Sone unfocused acoustic imaging sys:ens have been designed in

A wihich several elements are excited simultaneously and the echoes pro-

ceased into an image. These systens work with elenents spaced many

wavelengthi apart and so the elenents have lateral dl.-ensioas much

greater than the thickness. These sie=ents would be operated in a

code similar to the thin disc nod! and the acoustic response will

include lateral resonances and harmonics. Little discussion of this

type of ele-.ent will be included in this work, however, since the

emphasis 'as placed on tall, thin elements suitable for the elec-

tronically scanned and focused system. Some of the discussion of

tall, thin ele=ents could be easily extended to vide elements.

I

Several co.ercial systems are presently designed this way
including ones built by Azonustic Diagnostic Research. Panasonics.
Vairad, znd Rohe.
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At

If the height of the element is greater than about twice the

width, the lateral resonance is not strongly coupled to the exten-

sional resonance and can be ignored in calculation of the transducer

response as will be shown. A si-ple one-dimensional theory can be

derived and used directly in the transducer trans•ission line =odel

with good success. Using the ntactiýn of Auld,
3 5 

the piezoelectric

coastitutivt relations can ze written in the form

T - - Z • E+CE:S (3-1)

0 - S. E+e:S (3-2)

where the bars denoting vector snd tensor quantities have been dropped

f or brevity, The stress is denoted by TI in reduced coordinates,

the strain by St , the electric field by Ei , and the electric dis-

placement by Di . The piezoelectric stress matrix is denoted by eij

in reduced coordinates, and Zij " e'i is the transpose of this matrix.

The stiffness matrix at constant E is denoted by CE , and the per-

mittivity at constant stress by t S . ror a uniaxial piezoelectrici,

cera=ic like PZT-5A, *hich is isotropic in the planc transverse to the

poling axis, the stiffness, piezoelectric stress constant, and permit-

tivity matrices are given as follows:

- r
C L C- C-E 0 0 0
11 13 13

CE CE C 3 0 0 0
151 11 13

c c • E C_ 0 0 0
S13 13 33 (3-3)

0 0 0 C, 0
-- .

o o 0 o0 c

-0 0 0 0 C; 6 '
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(eij) 0 0 0 eX5 - (3-4)

e e e 0 0 0

(S ) Se

"2Z

In the nonpiezoelectric case, efi 0 . and if S,(x.z) B 0 for a

long slotted elenent, and there are no shear strains, the relevant

Sstress-strain relations are si-ply

T, . C11S, + C3S3
1 3

(3-6)
T3 - C- S + c 3 s 3

13 1 1

f Nov if the vidth (W) is s--all conpared to the height (11), it can be

assu=ed that there is no longitudinal stress in the x-direction. or

T1(x.:) B 0 . Therefore,

CES, _13 s 3 (3-7)

1 E
11

and

T3 C2 3S3  (3-8)
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-s

where

I: °;
C; C -(3-9)

(3 (CE131

-1 33 C1 C33/ 3

'"I"

The saze boundary condition can be applied in -he piezoelectric

case where open cirtuit conditions are also assumed so that D (xz) E 0
z

From Eqs. (3-1) and (3-2), the relevant relations are

r
T1 . CiSi + C S -ezi (3-10)

1 - S111 1 e e (3-1) .

r E
C- + 3C S e E (3-11)

3 13 1 33 3 z3:z

D c + e S eS (3-12)
z ::: z 1 1 z3 3

Letting TI(x,:) - 0 in Eq. (3-10), S1  can be expressed in ter-s of

$ 3 and E. and substituted into Eqs. (3-11) and (3-12) as follovs:

T - C;S -es3E (3-13)
3 333 z3:z

Dz ? E e;3s3 (3-14)

where
rE

e 3  e z3  e1'13 (3-15)

and

2

CS E S +z: (3-16)cZ zz E
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Equations (3-13) and (3-14) are identical in for= to those of a thin
disc transducer with the modified constants defined in (3-9), (3-15),

and (3-16). The.efore, all the results for the thin disc transducer
36

can be applied to the case of the narrow slotted transducer including

quarter-vave matching and backing schemes using these modified con-

stants, with other considerations to be discussed in detail later.

Other parameters of interest are derived below. The modified

parameters are derived as follows, taking open circuit Conditions or

Dz(x,z) - 0 in Eq. (3-14):

•!E - e-'3 (3-17)
S' S

rzz

2  1-
3

3= ,EC3  1+ 23 S3  (3-18)

L 33 Czz J

Therefore, the stiffened elastic constant is

c;3 - C3 (1 + K.2) (3-19)

where

K' . (3-20)

C33 ",:

2Since the constant K' appears in the functional form of the one-

dizensional transducer input Inpedance in the forn I2(-K ,3

it is convenient to introduce a sa.plified constant k3
2  

where
33

k' (3-21)S33 1 + 2
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This coupling constant is labeled k33 instead of 2 since Ir is

more closely related to the length extensional resonance of a thin rod

than to the thickness extensional resonance of a thin plate. The stif-

fened velocity and acoustic im.pedance of the transducer can be defined

then as follows:

,,,D 1/2

'33 (3-22)

%o . (3-23)

Various para=eters for PZT-SA and PZT-3H are tabulated in Table 3-2

using the data published by 1affe and Berlincourt.37 These materials

have been chosen since they have high coupling coefficients and high

dielectric constants.

The high coupling coefficient is desired for the same reasons as

discussed in Chapter 11; that is, broad bandwidth with high efficiency.

¶ The high dielectric constant is most isportant for small transducer ele-

ments in order to keep the electrical impedance as low as possible and

,! I so making electrical marching sampler. All the aflys reported in this

I work were constructed of PZT-SA or its equivalent, depending on the

manufacturer. PZT-5A has a smaller aging coefficient than PZT-3M and a

=mch higher Curie temerature, making it easier to work with than ?ZT-3M.

The cost significant aspect of the changes in the transducer parame-

ters produced by slotting is the approximate doubling of the electro-

22machanical coupling coefficient, .2x The coupling constant for the nar-

row, long ele-ent, k ,2 .is close in value to k33 , the length exten-rologe~-enk3 33

sional coupling const:nt of a thin rodas seen in Table 3-2. This doubling

occurs mostly since C 3is decreased to about cne-half the unslotted value.1 33
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TABLE 3-2

PRMTRPZT-5A PZT-5H

Thin disc Slotted Thin disc Slotted

cE11.1(10) 10 -- 112.6(10)1 lo ___

c E 5.0(1O)) Io 8-i B.4(l0-,
0

-

21 5 S"(0)
1 0  I11.7(10)10 6.09(10)101

C3(H/ I2 11.1(10)10 OS( I•)
33 _ I I

/.)10 ii 10 10
C33(%I ~ 14.7(10) 10 i1 08 (10) 15.7(10) 11.8(10)

4~) I .35(10) 3 3.78(10)~ 3 4.56(10)~ 3 3(1)

S (k/2-s -3. 29.3 34.2 2.

z3ii (C/ 1923.3

~S o 830 657 14 I70 1508

0.2340 0.47 0.255 0.S8

.2I 0.50 0.6

-59-



Doubling ký effectively halves the electrical Q of a series tuned

transducer, making the design of low-loss broad-bandwidth elements a

simpler task.

In addition to the large increase in k , it can be seen that

there is about a 14Z decrease in the velocity and impedance of the PZT

materials and a slight increase in the effective dielectric constant.

These changes have little overall effect in the design of transducers

except that the thickness of the material must be reduced by 14: over

that of an unslotted material with the same center frequency. The effect

of this thickness change on the configuration ratio G(- L/H) should not

be overlooked, however, for reasons shown in the next section. These
effective parameters are used in the transducer model with good results

:o predict the response of slotted transducer elements reported later

in this chapter.

C. COUPLING TO LATERAL MODE

A simple theory describing the coupling between the two dilatational

=odes of a piezoelectric resonator as illustrated in Fig. 3-1 has been

carried out by Onoe and Tiersten N for :he short-circuited case. lhis ap-

proach is easily adapted to the open-circuited case which then can be

aoplied to the simple one-dimensional transducer model. This thecry

codels the element as two one degtee-of-freedom systems coupled through

a single mechanism. This coupling theory was originally applied to

elastic vibration theory by Gliebe and Slechschmidg where the infi-

nite number of degrees of freedoz of a coarinuous body can be -'11 ap-

proxi-ated by suitably choosing a finite number coupled togetner. For
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t-.o degrees of freedo= coupled through a single constant mechanism, a

biquadratic frequency equation is easily obtained,

2 2 2r2f22 232242
(f - f~ )(f-2b ) a- b -

where f and fb are the eigenfrequencies of the uncoupled system

and 1 is a dimensionless constant coupling coefficient. This equa-

tion is plotted on Fig. 3-3 on a log (fH) versus log G(G=LiH) co-

ordinate system. The dashed lines give the uncoupled resonant fre-

quencies, and the solid line the coupled frequencies. Following the

arguments of Once and Tiersten, a simple way of determining the coupi'ing

coefficient r consists of selecting r to yield the known frequencies

at the endpoints of the frequency curves for large and small values of G

In the nonpiezoelectric case,

f - (-5a 2L 11 (3-25)

fh ." L (3-26)

b 2H 33 (

These frequencies correspond to dilatational codes of large area plates.

Therefore, =f V I/G(CI 11/C233) Substituting this result into

Eq. (3-24) and taking the limits as G approaches 0 and - , one finds

that d . fa "r2) and f - fa4 a( - r.2 For internal

consistency then, this coupling theory can only be applied if

fc fa 4 ffb (3-27)

The regions near f. and f. correspond to length longitudinal modes of

a long thin plate. These frequencies are easily obtained, from Eq. (3-9)

for f and from a similar calculation for fc These frequencies are

cC1
fc L I~ 13 (3-28)
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and

f/d I '[3 (I -*
-d " jf•( :(3-29)

Therefore,

c o_ýS 'd 2 ]f - (C'3/CllC3)j (3-30)

fa b 3 l

and J1
.2 2 (--"C C1 3 /C1 1 C3 3  (3-31)

For isocropic materials, C C , and F * C12C or
14 33 - rd r C12 o1

F -(3-32)

where a is Poisson's ratio. As is pointed out in reference 3.1, the

lower branch gives excellent agreement with experiment, but the upper
branch gives much poorer agreement because ef coupling to additional
independent nodes which exist in 'his frequency range. The frequency
variation of the lower node with C - L/H for isotropic naterials is

shown in Fig. 3-. for varinus values of o

The open circuited limiting frequencies for a piezoelectric
resonator are no-v derived. In region b , the limi•ing frequency is
the well-known thickness dilatational node of a thin disc resonator, so

1-;,
f b (3-33)
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rectangular resonztors for varying values of Poisson's ratio.
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p u-here

CDe z3It C3)j (3-34)
33 C 331  (e 3  z 33j

-I region d , the limiting frequency is that of the extensional =ode

calculated in the provicus section vhere

CC 3'110 (3-35)
d 2H (

and C is defined in Eq. (3-19).
;33

In region a , the limiting frequency is that of thE lateral thick-

"ness dilatational mode. Witn a similar derivation that led to Eq. (3-33).

the frequency is easily, obtained from Eqs. (3-10) through (3-12). assuming

S 0 . Therefore C D
- 1 (3-36)

a 2L V

•,here

11 " i 1 + (e:1I•zCz CEl! (3-37)

in reion C the Liniting frequency is that of a lateral exten-

sional =ode analogous to f, where

fi- (3-38)
2L

where

. _ E (33
zz l-

Ze z e (ez3  3 1 3 ) (3-10)
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C ! • E C l - ( C E 2 / C 3 3 E3 4 1"C a £ - £2 E

and

-,S -* c +e 2 /C . (3-4)Czz zz eZ3/C33 3-

For inc-.•al consistency, the relation f afc f b/f, should be satis-

flied. It follows directly from- (3-33). (3-35), (3-36), and (3-38) that

ta/fc is algebraically identical to fbIfd so that internal consls-

tnecy., is satisfied. Substiýuting the para=eters for ?ZT-5A and PZT-5p,

fa/fc - 1.16 in both cases. S.2
To determine the coupling constant . the ratio f d/fb -ustdbe

cast into the form

fd/fb - Qi- r2)1/2 (3-43)

From (3-23) and (3-35). it is easily shown that

E-c l~2 1/2

fdifb - I i 2-] (3-4•)
C11 C33 3

Substituting the para=eters for PZT-5A, r2 is found to be 0.257 for

the open cIrcuited c-sa. A plot of both branches of the frequency

spectr•u for both tne open-circulteJ and short-circuited34 cases is

shown in Fig. 3-5. From the figure, it can oe seen that there is only

a 9.3% frequency shift fro= the open-circuited extensional mode for a con-

figuration ratio G - 0.7 and a 5. shift for C - 0.5 . Note that the theo-

retIcal curves are for the case of the reso---... 'ith free bouw2dariec.

An i=portant proble-m in designing ele=ents where G is close to

one is thecergence of the unda--ped =ode close to :he desired passband
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of the transducer element. This mode ic clearly seen in Fig. 3-6 where

the measured real part of the electrical input impedance of lead-backea

(Z - 22) PZT-SA transducer elements of varying configuration ratio is

shown. As the configuration ratio approaches unity, this urda=pfd lateral

mode, characterized by the sharp peak in the curves, coves into the pass-

band of the element and decreases the bandwidth. The experimentally mea-

sured frequencies for lead-backed elements with the G ratio between 0.37

and 1.03 are shown in Fig. 3-5. Note that the experimental data are for

elements damped with a high impedance backing while the theory is for

ele•ents with free boundaries only. The lateral code frequencies are

about 23: lower than that of the lateral extensional mode defined in

Eq. (3-36). probably due to coupling to higher order modes. Tte exten-

sional mode frequencies are slightly less than the open-circuit frequen-

cias calculated for an element w'th free boundaries. The downshift in

these frequencies when one side of t:.e element is heavily backed is

expect.d from the one-dimensional transducer model.

These data show that the config~ratcon ratio should be 0.5 or less

so tha, the undamped lateral mode frequency is at least an octave higher

than the center frequency of the passband. At this point, there is little

coupling between the modes, and the undesired node can be easily filtered

out if desired. Near G - 0.65 , coupling between the modes begins to

limit the bandwidth of the transducer element as seen in Fig. 3-6.

D. E.-FF-CTIV•• ACOUSTIC LOAD DI'EDAYCE OF A SAR..'.O E-2XT

A transducer array element radiating into a semi-infinite loading

or backing -ediuz excit j waves in all directions in these meddia. If

the element is narrow enough, the power radiated into waves propagating

-is
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at an angle to the normal becomes large enough so that the plane wave

longitudinal code Impedance no longer adequately describes the load

i=pedaace seen by the element. A variational theory is developed in this

section to calculate the effective load impedance of the element at the

interface taking into account the longitudinal, shear, and Rayleigh

waves excited, as illustrated in Fig. 3-7.

This problem is analogous to the evaluation of the radiation imped-

ance of an electromagmntic -waveguide radiating into a semi-infinite half-

space. A treatment of this problem is presented in H'arrington39 for a

two-di--ensicnal parallel-plate waveguide for the two cases where the

incident wave is either the T:H =ode or the dominant TE node. Harrington

dots not try to generate a variational expression for this radiation

impedance, bat the final for= of his L-pedance integral is achieved in a

similar manner :o the one presented here, that is. from the co=plex pover

flov at the interface between -the wavogulde and load m-ediu=. Tne differ-

ence in the two epressions lies iu the nor.-alization of the integral.

F-2rrington uses a heuristic approach to force the di--e.slonslity of the

Lmpedan.ce expression to be correct. The nor-.lization shcu.o in this paper

is a natural result of the variational theory. Yeverzheless, it is int-r-

esting to note that the aperture admittance calculated in reference 39

is capacitive In the case where the assumed field is taken to be uniform

over :he aperture and inductive when the asswued field hAs a cosine de-

pendence. ea vil b•e sho.wn !ater, the effective load i--pedance of a

transducer elesent is c.spacitve when the load is a solfd and is inductive

wnen the load is a liquid. 'his occurs since a liquid cannot support shear

i.4ves and the assumed norail stress field at the element-liquld interface

-1 70..
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"must be zero at the edges of the element to prevent the integral expres-

sion for the admittance from going to a logarith•ic infinity. As the

Poisson's ratio for a solid approached 0.5 (that is, a liquid), the

effective admittance becomes more inductive and approaches the liquid

case, as w.ill be shown.

A similar but also nonvariational calculation for acoustic radia-

tors of varying configuration ratio was carried out by M!iller and Purseyr
0

for the case when the radiator is terminated by a s-mi-infinIte solid.

The approach used in reference 40 is identical to that found in refer-

ence 39, and the expression calculated is very close to the variational

expression derived in this paper for solids. Again, the difference is

in the nor--alization integral. Points of divergence between the two

theories will be shown as the variational theory is presented. The

Green's function in the load medium is calculated in all the deriva-

tions, and the resulting integrals nwaerically evaluated. Due to the

lack of digital computers when the Itiller-Pursey paper was written,

only a few v.lues of the effective impedance were calculated as a func-

tion of EL where 6 is the wavenumber znd L the width of the radia-

ter. A variational expresston for the effective admittance is derived

below.

if the ele-ient is regarded as a section of waveguide, the acoustic

fields in the guide can be 'iscr.bed by a normal mode expansion. Follov-

"41ing Auld's development for reflection-sy=.netric waveguide3 and neg-

lecting piezoelectricity, vector functions can be introduced analogous

to tne eculvalent "voltage" and "current" parts of the fields for tha

th node. For guides inlfnite in length in the y-direction (Fig. 3-8),
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the "voltage part of the field is described by the vectors

I

G..(x .z) * (3-45)

and the "currc. part by

3 (3"6)

lvmz(x~z)

These fields can be separated into a product of the "voltage" or

"current" anplitude with a vector ---ode function. that is,

C xz - ;4x

(3-47)

where the g,'s and q,'s are orthogonal and satisfy

fix -iý ds - -1(3-48)

The i-pedance of a given =ode Is defined to be

•: - O 7 -
for waves propagating in the for-,srd direction.

I _________
4-. . -. . .-- 7 . . : . .



In considering the transducer element as a section of waveguide,

it is assumed that primarily a single mode is excited and is incident

frcm the left upon the boundary between regions I and II in Fig. 3-8.

The reflected wave from this boundary is assumed to be composed of all

allowable modes in the wavegulde. The symetry of the structure limits

the allowable modes to the symmetric Lamb wave family. It is desired

to calculate the impedance of the lowest order mode, Z11 at the boundary

plane in Fig. 3-1. Since the other modes excited in the guide arc all

reflected waves, their impedances are taken to be Z(al - the modal

impedances for backward traveling waves. Therefore the total "current"

can be written

S- , - t (3-49)
1, 2 ZM

The voltage amplitudes can be determined using -qs. (3-47) and (3-48),

V,- ~fG -q-;dS .(3-50)

Combining (3-50) and (3-49) we find that

Z'fG dS+-if qy dS (3-51)

1 2 Z.i"

Now the complex power flow i region I is

P 'Q) ds'
2 1

(3-52)
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* From the continuity of power flow through the boundary.

dS. if I s ~ (3-53)

If we now assume !n region I that the mode excited is the extensional

=ode previously described which is similar in form to the L. Lamb

wave mcde in an isorropic plate, one can assume that -

0I
- , [0]

where the assumption is cost accurate near 3 = 0 Therefore,

3 1 1(G. q1)1 = (73q1)1

If we now assume that T5 . 0 at the boundary, (G - Q ) -

T3.: . This assumption is based on the grounds that the element is

narrow and vibrating with a simple piston-like motion with very small

shear stresses. Therefore, (3-52) and (3-53) can be written

J * dx . - - JT~ q x
P 3 v~z dxifT

1 (3-55)

+~~.fG q..,dxfG , d.
2 ZYO

where we assize u•it length along the y direction.

The electromagnetic equivalent of the left-hand side of Eq. (3-55)

is used as the starting point for the impedance calculation of FHrrington.

However, th-. differences arise in the right-hand side. Parrington takes

the RHS simply as :V 2/Z . For the TO =ode, he chooses V - 1 and for
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the TEE mode V - L w where L is the width oi the transducer. The

functional form of radiation Impedance, determined from the LHS, will

be correct, but the normalization is arbitrary. Miller and Pursey, on

the other hand, express the particle displacement fields u,($) in

region 1I in terms of the stress field as a function of a , the

x-component of the longitudinal vavenumber. Assuming a for= of the stress

field at the boundary, uz(x) is then obtained by inverse transforming

uz(O) . The average displacement field uz is obtained by integrating

along the boundary. The radiation impedance is then expressed as Z -

-l/i1wu where T3 (x) - I for Ixj < L/2 . This impedance expression

reduces to the sa=e result as the variational form shown below only for

the case where the assumed field T 3(x) is uniform across the transducer

element. Otherwise, the normalization is different.

Expressing v 111  in terms of a Green's function, one can write

v( will " fT 3 W)YO(xl x') dx' (3-56)

where 9j(x,x') is a Green's function to be deter=ined. Combining (3-55)

and (3-56), an expression for 2 is letermined:
I

1 .ffT3(x .(x,x') T 3 x')dxdx' + e q G~d f . dx

Zl If
3q dxJ;qI dx

(3-57)

if the higher order codes are ignored, Eq. (3-57) is reduced to the fol-

loving expression for the admittance:

6,ff *c(x) V(x,x') T3 (x')dxdx'

Y I- (3-58)
" f 3 qlox fT q•dx
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It is shown in Appendix A that Eq. (3-58) io variational in form with

respect to the form- of the assumed normal stress T3

Equation (3-58) can also be written in the forz

Yd (3-59)

fT 3~q dxfr 3q, dx

The Green's function can be deter=ined then by Fourier trarsfor'ing

the numerator of (3-59) so that YI is now written

Tf3T(5) v.(3) d^

Y1 * (3-60)

2sfT3qedxfT3 q1 dx

Novr by assurint a functional form of T 3(x) satisfying the field equa-

ticns, an estimate of Y1 can be found correct to second order.

The form- of v (f) in terms of T3 (a) was derived by Miller and

Pursey fOr four types of radiating sources: (a) an infinitely long strip

of finite width vibrating normally to the medium surface; (b) the sane

long strip vibrating tangentially to the medium surface and normally to

the strip axis; (c) a circular disc cf finite radius vibrating normally

to the surface medium; (d) a torsional radiator in the form of a circulir

disc of finite radius performing rotaticnal oscillations about its center.

Case (a) is identical to the cne evaluated in this pape-. The integrals

in referencei0vere evaluated by hand for six values of ad . The form

of vz(S) is derived in Appendix B for isotropic solids [Eq. (B-15)] 4

and for liquids [Eq. (3-17)1 . Substicuting (B-13) into (3-60), one

I'



obtains the result

*2 +a2

-,)ld (3-61)

q 2 I3 dxfT 3  dx

where the parameters are defined in the appendix.

A simple form of the trial field T3 (x) is assumed which is uniform

with x across the transducer so that

I To IxI < L12

3T W0 , l i Ž / (3-62)
0 2: L/2

where L is the width of the element. The modal field ql(x) is also

uniform so that the nor-malized forz is

~1/4 lxi < L/2
q(x) - (3-63)

Fourier transforming (3-62), one obtains the result

$in($L/2)
T3 (P) T0 d (a1/2) (3-64) -

and

y I~ K in(BL/2) 2S
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j SEquation (3-64) is evaluated in Appendix C. The method of inte-

grating the expression follows that of Miller and Pursey and involves

integrating along the real axis of the co--plex 3 plane and taking

into account branch cuts at the longitudinal and shear wave cutoffs

and the Rayleigh pole.

The normalized load impedance for a slotted element calculated

in Appendix L is shown in Fig. 3-9 as a function of (ktL) for various

values of Poisson's ratio. For (k.L) > I , the impedance is essen-

tially real and oscillates slowly about the longitudinal plane wave

impedance. Below (k,L) = 1 , the reactive part increases in value

rapidly so that the impedance becomes mainly capacitive. Since the

assumed stress field T3 (x) was taken to be uniform, the impedance

calculated here is identical to that of Miller and Pursey at the six

values of k L they evaluated. This co--plex-valued impedance was used

as the backing impedance in the standard program which computes the

electrical impedance and insertion loss of transducers, using the

modified transducer constants for the extensional mode. As shoen. in

the next section, the change in this impedance, due to finite width,

has little effect on the transducer elements of the widths used in the

arrays reported in this thesis, but must be accounted for in rarrower

ele=ents where kIL << 1 .

For the case where the load medium is water, a similar calculation

can be carried out by taking into account that there are no radiated

shear or Rayleigh waves in a liquid. Substituting Eq. (B-17) from

Appendix B into (3-60), one obtains the following expression for the

so-$0-
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admittance:

Y, - 1 (3-65)

If one now assumes that T is uniform across the element as before
3-

and q, is the same uniform mode with C - S/k, . the integrand in the

numerator of (3-65) varies as

,sin(k LI2)C 2
2 (k L/2)II

I which has a 1l/ dependence as C gets large. This is a logarithmic

infinity causing the integral to diverge. This divergence is a result

of the discontinuity in stress at jxj - L.2 in the assumed field.

Physically, since the liquid canner support shear waves, there can be

no discontinuity in stress at the boundary. Removing the discontinui-

ties removes the divergence problem. A series of assumed fields that

does this is:

To(l- ( x/L)') , xi < L1-

T3(0xL!2 
(3-66)

0 , lx[ >_L12

vhere n is an even integer. Where n is large, T3 is nearly uni-

farm except at the endpoints. This field is then very much like the

dilatational mode in the transducer element. The Impedances calculated
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with these various assumed fields are nearly identical, attesting to

the variational nature of (3-65).

Fourier transfor-ing (3-66) yields the result

( n)o 2 n!(-l)j/ 2  
cos(SL/2) n! s~n(OL/2)

T3 (8) - TodE + (-i)J2+
J-2 (n- j+l)! (JL12)j (n-J)! (8LI2)j+

1

(3-67)

Substituting (3-66) and (3-67) into (3-65) and noting u/) - k /ZL

an expression for the admittance is obtained as before. For the case

where n - 2 , this expression is

2
9 kL 1Z6 sin(k.L/2) 8 cos(k&/2)

I - kL

(3-68)

where 9 = 8/k.

As before, there is a branch poinr at I corresponding to the

cutoff of longitudinal waves. For r 1 , the admittance is entirely

real. For C > I , the admittance Is entirely i=agirary corresponding to

evanescent longitudinal waves. As shown in Appendix C, the proper sign on

the sluare root is negative (-i -') in order to yield evanescent

waves. The integral was numerlcally integrated with a standard yewton-

Cotea technique and the calculated i--pedance is shown in Fig. 3-10. For

(k L) > 5 the L.-pedance is mainly real and equal to the plane wave
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impedance. Below (kLL) - 5 , the real part of the impedance rises,

then drops rapidly to zero. The reactive part, which is inductive,

rises to a peak at (k1 L) - 2.5 , and then falls to zero as (kEL) - 0

4! As described earlier, the capacitive nature of the load -=pedance

of a solid and the inductive nature of the load inpedaace of a liquid

is similar to the cases of the electronagnetic waveguides in reference 39

since the cases depend on the functional for= of the assumed field. In

the acoustic case, the difference arises from the inability of a liquid

to support a discontinuity in the stress field at the endpoints of the

transducer. To show that this difference is real, a case was czlcula-

ted where the load was a solid with c - 0.49 , that is, almost a liquid.

This case is shown in Fig. 3-11 cozpared to a water load and a solid with

S- 0.4 . As can be seen in the figure, the a - 0.49 solid exhibits

a more inductive nature than the j-0.4 sclid, and the impedance charac-

teristic is inter-ediate between the two extrenes. The effect of this

variation in load impedance on the transducer characttristics is shown

in the next section. However, for the width .f • l•-•ent% used in the

experimental arrays, this has little effect on the b-nd.:hape of the

SI transducer alements.

E. E'X!•2IIŽ AL RESLULTS WITH SIMPLE BACKED ARRAYS

lfz the previous secr'ons, the theory of call, thin transducer array

elomnts -was dtsc:I•. d. A simple model to predict the characteristics of

the element was . :lop, aud the acoustic load Impedance seen by a

(
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FIG. 3-11. Co--arison of effective load i=pedances of finite width
radiatior for Poisson's ratios of 0.., 0."9, and 0.50.
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narrow radiator was described. The construction of broad bandwidth linear
*1

arrays of these elements mounted on a high impedance, lossy backing will

be discussed in this section including the manufacture of high loss, high

.1 impedance tungsten-loaded cpoxy. The experimental electrical impedance

"and insertion loss of these elements will be compared to the theory. The

radiation pattern of the elements will also be briefly described.

The easiest technique for achieving broad bandwidth in a water-

loaded transducer is to mount the transducer onto a matched backing.

Although most of the power generated is radiated uselessly into the back-

ing ic this case, bandwidths of 80- 1001 are achievable with ferro-

electric ceramics. The bandshape is nearly Gaussian shaped so that an

excellent Impulse response can be achieved as well. Our first arrays

were built using PZT-5A ceramic (Z. =34(0) 6) soldered to a lead

(Zz . 22(10) 6) backing. The PZT-5A was lapped to the correct thickness,

surface finished with a 5 -.m grit and slightly polished. Chrome-nickel

electrodes of 2000 R thickness were rf siuttered on and the ceramic was

repoled at 150°C with a voltage of 50 volts per one-thousandth inch to

compensate for any depoling which occurred during the sputtering process.

A low temperature solder was used to bond the nickel electrode to the

lead backing, typically 4 c= thick. Excellent and reproducible trans-

ducer characteristics from element to element were achieved with this

process. Problems with the bond thickness were eliminated since the

solder and lead have nearly the same impedance. Thus, this technique

provided an excellent vehicle with which to check the theoretical pre-

dictions on transducer response.
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Lead-backed arrays are not useful in imaging systems, however. The

loss mechanism in lead, which yields about 4 dWlcn loss at 2.5 .Nz, is

primarily by scattering and not by absorption. The scattered sound in

lead backings decays very slowly, requiring several hundred microseconds

to decay down to the thermal noise level.42 This background scattered

sound is picked up by the transducer ele=es ts and severely linmits the

dynanic range of a receiver element since the received echo from the

"water is typically not much greater than the backing noise. However,

one lead-backed array with 120 elements 0.635 =u high x 0.381 mm wide x

1.27 en long on 0.635 =o center-co-center spacing was built and success-

fully used as a transaitter array i', a transmission mode imaging system.

A comparison of theoretical versus experimental electrical L-pedance of

one such element is shown in Fig. 3-12. The agreement is excellent and

shows the usefulness of the modiflec one-dicensional model parameters

developed in Section B. The lead and backing impedances were taken as

the simple longitudinal wave mode impedances in this theory. The effect

of using the se=i-infinite backing impedance calculated in Section D on

the electrical impedance is slight as will be shown in the .escription

of tungsten-epoxy backed arrays.

Because of the background noise associated with lead backings and

other =ecals like soft iron and brass, tungsten-loaded epoxy backings

were manufactured which yielded not only the high iLpedance desired, but

also the high loss and fast background decay rates. Tungsten is the

obvious choice as the filler material because its impedance (Zt - 101(10)6

is aq large as can be found. Composites mode of tungsten and epoxy 3 and
4,

tungsten and vinyl powder• are described in the literature. The first

- 88 -
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technique uses cungsten powder mixed with excess epoxy. The excess epoxy
is then squeezed out in a press. Backings were readily nade using this

technique, but the highest impedance achieved was only Z. . 14(10)6

In addition, the material contained many voids which would be disastrous
mechanically and acoustically if occurring at the surface where the

ceramic is bonded. The second method is carried out by mixing tungsten

and vinyl powders in known ratios and combining the matrix with standard

hot-pressing techniques. Lack of facilities precluded using thls tech-

45nique. A third method, suggested by L. Zitelli, utilized vacuum i--preg-

nation of epoxy into a matrix of tungsten powder. This method was easily

implen•nted. By conpressing the powder in a mold to a given density and

then vacuum impregnating, backing impedance could be easily varied from

Z, . 12(10)6 to ZZ - 40(10)6 . Hoiever, as the impedance rose, the loss

dropped. A corpromise choice was used for the arays with Z, - 25-28(10)6

• with a loss of approximately 8 dB/cm.

All the epoxy backed arrays reported in this thesis were built using

a cast-in-place process developed jointly with J. Fraser. In this method,

the ceramic was bonded to the backing in the same step where the epoxy
was impregnated into the tungsten. This whole process was carried out

in a mold. The mold was made in two parts, a bottom plate containing

a vacuum tight "O-ring" groove which is then bolted onto the mold itself.

The mold is open top and bottom ann conformed to the shape of the backing.

The ceramcc is placed in the bottom of the mold with the bott-a' plate in

position and held flat against the bottom with spring-loaded rods to pre-

vent particles from getting underneath the ceramic. Tungsten powder is

poured into the desired thickness and compressed with a ram to the desired
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r• density. Epoxy, Dow Chemical resin DER 332 cured with 14% netaphenylene

d1acine by weight in this case, is poured on top of the tungsten. The

whole =old is then placed into a vacuum station and pu=ped down to

D100-300 u. This process evacuates all of the air from the =old. When

the vacuum is released, air pressure simply forces the epoxy into the

evacuated tungsten powder. A bar is clamped onto the back of the tungsten-

epuxy matrix until the epoxy cures to keep the tungsten particles in inti-

mate contact with the ceramic. This last step is vitally important as a

fairly thick epoxy bonding layer develops if omitted. This process eli.i-

rates the need for a separate, elaborate bonding process to at:ach the

ceramic to the backing and yields consistent, uniform results. The "equiv-

alent" epoxy bond thickress is less than 1 um as measured in angle-cut

samples and in comparison to theoretical resu;ts generated from the com-

puter program.

The impedance of composite backing materials depends strongly on the

size, size mixture, and shape of the particles used. A powder containing

a range of particles of spherical shape will pack more densely than single-

sized or jagged particles. Backings made with Cerac flame spray tungsten

"powder sieved to -325 nesh (less than 44 microns) with no pressure packing

came out with an impedance of 23(10) when simply vacuum impregnated. How-

ever, with shape and size variability between powders, the impedance pre-

diction remains an empirical one.

The lose in these high impedance tungsten epoxy backings is high, but

reflections from the back of the backing still limit the dynamic range of

the array. The backing may be made as long as desired with consequenz size

and weight penalties or cut into a wedge-shape as one with another array
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reported later. A more rubbery material, whether a vinyl powder, a

more flexible epoxy, or urethane, should greatly enhance the loss in

the backing. These materials are polymers in general and thus visco-

elastic materials; al;o, rubbery materials tend to be more viscous

.-han elastic.57 The greater loss in these materials is a result of

the higher internal friction In the material and to complicated

polymer relaxation phenomena. The Dow resin yields a very low vis-

cosity, low shrinkage, and hard and highly cross-linked epoxy-46 which

is excellent for vacuum impregnating but is not as lossy as other

binder materials since it behaves more like an elastic material.

Several arrays with 100 to 128 individual elements were built

usaig the cas -in-piace, tungsten-epoxy backings just described. The

PZT-5A ceramic plate with chrome nickel electrodes was first cut into

10 cm - 1.27 cm - 0.0635 cm slabs so that the free boundary half-wave

resonance of narrow slotted elements was 2.97 Mr.z. The backing imped-

1 6
sance was 25(10) so that the center frequency was downshifted to about

2.5 Mz. Ground connection to the elements was made by laying a 0.001

inch thick brass strip next to the ceramic before pouring the tungsten

powder into the =old. Direct soldering of the brass to the nickel

electrode was unsuccessful as the high pressure (4000 lblin2) necessary

to get the impedance desired also tended to crack the ceramic in this

case. As the backing was only slightly conductive, the brass was capaci-

tively coupled to the nickel. The individual elemerts were cut one at

a time on 0.020" or 0.025" centers using a 0.006" diamond saw. The kerf

of such saws varied from 0.008" to 0.010". -his left elements 0.010" to

0.015" tide although each array had element widths varying only by at most

0.001". A gold wire 0.002" in diameter was spot-welded onto the top of

- 92 -
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each element to make the hot connections to circuit boards glued to the

sides of the backing. Impedance trznsformers were used to catch the high

impedance of ele-zents, typically 800 ohms, down to the 50 ohmr of coaxial

"cable.
The arrays were glued into an aluminum housing, and a protective

material placed on top of the array. The design of this protective layer

is important. ideally, the spaces between the elaments should be air

filled to prevent acoustic coupling between elements. Epoir and epoxy

filled with glass =icroballoons were unsuccessfully tried as filler

materials. As described later, silicon carbide loaded urethane was suc-

cessfully used in a quarter wave matched array. The ideal material

would be "hard air" which might be made from various hard-setting foams.

I ,To protect the top of the array from water and mechanical damage. "hard

' wwtter" would be the ideal material so as not to disturb the character-

istics of the transducers. in the reported arrays, a plastic tape was

used which was vacuum suctioned onto the array. This tape was 0.005"

thick, but had an acoustic impedance of less than 2.0(10) and was very

pliable. This pliability was important so as to reduce the acoustic

coupling through shear waves in the tape. This tape worked adequately

fer these arrays.

A comparison of zhe experimental and theoretical electrical i-ped-

ance of an array element is shown in Fig. 3-13. This 128 element array
47

was used in a reflection node imaging system where two individual ele-

ments were connected in parallel to forz one trans-itter or receiver

element. The irdividual elements are 0.292 c= wide ý 0.0635 cm high

6
1.27 c= long backed with Z - 28(10) tungjten epoxy. Excellent agree-

-ent between theory and experiment is seen in rig. 3-13. The theory

- 93 -



cr 0:

V .4. 2

00 W u=C

N a-

-r W LL 0

a: 0

jr•0

j _ a•

0 0 0 0 0 0 0 0 0 0

91..

1! 0 00 00
0I

i713N V{3

0*



does include 200 pf series capacitance arising from ground lead coupling

through the backing material. The theory does not include the cocple=

load or backing inpedance. A comparison of the theoretical electrical

impedances of a slotted array element (G - 0.46) is shown in Fig. 3-14

where in one case the plane wave load impedances are used and in the

other, the complex effective load impedances are used. The difference

between the two cases is small except at low frequencies .here a small

"peak in the real part of the impedance is observed at f/f - 0.250

The •easured electrical impedance, shown in Fig. 3-13, is shown in

Fig. 3-14 as well and has a similar peak at f/f0 - 0."47 This is con-

sistent with the neasured electrical inpedances of lead-backed elements

shown in Fig. 3-6 with G = 0.50 and G - 0.40 . In these cases there

is a peak approximately at f/f - 0.40 . It is very possible that

j these observed effects are in fact the effect of the complex load 1nped-

ances. The discrepancy between the measured and predicted peaks could

be accounted for by the approximations used in the variational tneory.

It is clear that for narrow radiators like that in Fig. 3-6 where G =

0.40 , the peak in the impedance on the low edge of the passband could

yield some undesirable resonances in the frequency response and concon-

nitant ringing in the inpulse response.

The insertion loss of ten array elements connected in parallel is

shown in Fig. 3-15. This 100-ele=ent array was used as a receiver in a

transmission mode phase contrast inaging system.48.49 The elements,

connected singly, are 0.0366 cn wide x 0.0635 c= high x 1.10 cn long.

A 4:1 i-npedance transformer was used to bring the input impedance of the

elenents domn to the reference 50 ohms; 3.5 dB was added to the measured

data to conpensate for the power reflected into the spaces between the
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elements. Diffraction was neglected as the air-water interface was

only 1.0 ca fro= the array. Good a;reement between theory and experi-

-ent is seen; the measured bandwidth is 962 and the insertion loss

is 25.5 dB. Because G is rather large (G - 0.58) in this case, a

strong resonant peak is noted at ".2 MHz corresponding to the undamped

lateral resonance. This was of no concern in the cv imaging system for

which the array was used, but in the case where thA element is excited

by a broadband pulse, chis resonance would cause long decay-cime ringing

4 in the transducer response.

F. QUARTER-WAVE MATCHED ARRAYS

The efficiency of simple backed arrays can be increased using the

acoustic matching techniques described In Chapter II. Quarter-wave

matched arrays can be built with one or more full face matching layers

or with fully slotted layers and a face plate.

Several quarter-wave matched arrays have been reported in the

literature. One array was constructed with two full-face matching

layers, one epoxy (Z -2.7) and the other arsenic sulfide (Z - 8.3),

and operating at 2.5 or 3.5 M•..50 The bandwidth was reported to be

on the order of 70Z with theoretic&l round-trip insertion loss of 0.5 dB.

The elements were constructed with a width to height ratio (G) of 0.7 or

less which is slightly greater than the narrow element range of G < 0.5

discussed in this paper. Although not reported in reference 50, the

bean width of the elements is expected to be small since the quarter-

wave plates are unslotted. This is the case since acoustic cross-

* coupling through the =mtching layers could make the effective width of

the element much larger than the width of the transducer element. A
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second array reported recently is constructed with a single slotted

51quarter-wave plate on narrow elements with G < 0.6 and operating

at 2.25 M0z. High efficiency and 30.- bandwidth were reported for this

configuration. %o =ention was made of the spatial frequency response.

It is known, though not reported in the open literature, that several

manufacturers of inag-ng systems also use single-quarter-wave matched

arrays. No data is available on their characteristics.

The array design described here ideally uses two fully slotted

layers as shown in Fig. 3-i, so that the angular acceptance is large.

Since the matching layers are slotted, the acoustic properties of the

sections cannot be treated with a simple plane longitudinal wave theory.

A similar theory to that used for the narrow transducer element can be

used, however.

It lead zirconate titanate is used as the active material, at

least two matching layers would be desirable from the results of

Chapter II. Since the slotted element has a large effective coupling

constant (k;3 . 0.47 for PZT-SA), three layers would be more optimal

than two. An ideal triple -atched element case was computed which had

110% 3 dB bandwidth when air-backed and 74Z bandwidth with a backing

impedance of 10(10) 6. However, the increase in bandwidth over that of

the double matching layer shown in Fig. 3-17 had only a marginal effect

on the impulse response. Because a triple-quarter-wave matched transducer

element would be a difficult structure to .- plement in a fully slotted

array, no further development of this case appeared to be warranted.

2However, the high value of k;3 for PlT-SA is very important in that no

tuning is necessary to achieve high efficiency. A series inductively

tuned zlotted element only yields about another 2 dB less insertion loss.

~ - 99-
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From Table 3-2, the slotted ceramic (PZT-SA) has an impedance

30(10) 6. From Table 2-1 the optimal matching layer impedances for

a water load are 4.07(10) for one layer, 8.31(10)6 and 2.30(10)6

6 6 6for two layars, and 13.4(10) , 4.06(10) , and 1.83(10) for three

layers. The theoretical electrical impedance, insertion loss, and

Impulse response for one and two matching layer array elements are

shown in Figs. 3-16 and 3-17, respectively. A backing impedance of

10(10) was ass,"ed, and no electrical tuning was employed, but

electrical impedance matching was. The insertion losses are then

6.5 dB and 6 dB, respectively, at band center, and Gaussian-shaped

passbands are partially achieved. The single quarter-wave plate

element would have 38%, 3 dB bandwidth and a very sy-etric impulse

response. The double =atched element 'has 655 bandwidth and a more

compact impulse response. The double =atched element has a more

square bandshape than the single matched case, however, and a less

sy•etric impulse response. The problem becomes trying to find

materials that when slotted, have uniform field distributions and

impedances close to the optimums as show in Figs. 3-16 and 3-17.

The design of an experimental double =atched array is described

which uses glass and epoxy marching sections.

The properties of the matching layers for narrow elements can

be calculated using the simple coupled mode resonator theory shown

in Section 3-C, assuming that the layers are isotropic. For mate-

rials with small values of Poisson's ratio (a) , the phase velocity

in the slotted section remains very close to the longitudinal velocity

[Eq. (3-29)] for configuration ratios less than 0.7. Also since C13
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A !is small in this case, the extensional velocity is about 90% of the

plane longitudinal velocity. The experimental arrays rep.rted here

were built with a layer of light borosilicate glass (Z1 - 11.1(10)6

6
Vt - 4.91(10) , and c - 0.25 ) with a configuration ratio (G) of

0.5. The section was considered as a half-wave resonacor to determine

the properties, and then the height divided in half to make a quarter-

wave matching section. With this approach and us.mg Fig. 3-4, the

modified parameters for the slotted glass (G - 0.5) were Z - 10.4(10)6

and v - 4.64(10)6 . This impedance is not close to the optimal value

of 8.31(10)6, but there are very few other materials with properties in

this range. Arsenic sulfide would be a good choice here, especially

if its I is small; but is not readily available and it Is difficult to

work with as it cracks easily and is poisonous. Another possibility is

a powder-loaded epoxy, but this sort of material usually has a high

PoLsson's ratio which presents other problems to be discussed.

Another way to examine the properties of Lhese sections is to con-

sider them as short sections of acoustic waveguide. The =odes of freeI jboundary isotropic waveguides are the well-licnown Lamb waves and hori-

zontally-polarized shear waves. The mode of interest here is the

lowest order sy•setric Lamb wave (the dilatatlonal mode labeled LI in

most texts). Near the 5 - 0 limit, the fields of LI are uniform

across the guide and are like the extensional node discussed in the

previous sections. In fact, the coupled modes examined in Section 3-C

are like the dilatational modes L, and L2 in the 6 - 0 limit. It

will be assumed that the antisy=etric modes are not excited in the

array structure described. The dispersion relation for the symetric

Lamb waves is the Rayleigh-Lamb frequency relation, or

-103-
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tan kts L/2 462 kt kts

tan k L/2 (k 2)2 (3-79)

where

k 2z (I/V,)
2  

a2

(3-80)

2 ( 2 2
is s

Solution of (3-79) fcr LI for small aL shows, as expected. that the

phase velocity is the extensional velocity previously calculated. This

approach is intuitively more satisfying since the matching sections are

treated in the Kr24 model as sections of waveguide. For snall valuesof

3L , the theories give identical results. For the glass natching sec-

tion in the array to be described, 3L - 1.5 which places it easily in

the regime where the Ll node Is an almost unlform dilatational notionI I 6
with a phase velocity of 4.64(10)6.

jowever, materials with impedances in the range 2(10) to 7(10)0

are alnost all plastics, epoxies, or powder-loaded epoxy conposites.

These materials are "soft" in the sense that they have szall shear

stifftesses and hence large values of 3 . The epoxy used in Section

3-E (Dow 332 hardened with netaphenylene dianine ("TDA)) has a : of

0.37, but most of the others are clospr to 0.40. Since C13 is rela-

tively large for these naterials, the extensional velocity is substan-

* tially dovshifted from the plane longitudinal velocity as seen in

-106-



"Fig. 3-. For a 0.37 ,Ve/V 0.82 and for oc 0.40. V/v -0 .74

'The impedance of a slotted element, operating in "he pure extensional

regime would also be downshifted. The Dow 332/,I7DA epoxy wouid then have

an i-pedance of 2.77(10)0. The strong coupling in this material, since

the coupling constant is (C1 3/C 1 ) from Eq. (3-31), starts to upset

the extensional nature of the mode for values of G greater than about 1/3.

The two lowest order dilatational modes LI and L, for this mate-

rial are plotted in Fig. 3-18. It is easily seen from the figure that

to operate the section in the L1 dilatational mode, aL - .i/V ?)L must

be on the order of one. To operate at a center frequency of 3.79 'Ylz,

the width of the section must then be fron the figure about 90 ;=. The

: height of the ele-ent for quarter-wave operation at 3.79 Kiz would be

149 =n. The total height of the elenent including the ceramic and two

"quarter-wave sections would be 911 ,n. :ae eleuant would be ten times

higher than it was wide. This is an extrem.ely hard configurat!.i to

fabricate for high frequency arrays, esveclal'y with many elenents. The

elenents would be etreelv fragile and difficult to cut with either

diamond saws or wire saws.

An alternative solution would be to use z Zull face quarter-wave

Plate over the entire top of the array. As zhown in Section 3-D, longi-

cudirnal, shear, and itavleigh waves would be launched Into this medium,

but if the element were not too narrow, that Is 3L wereone or greater.

the Impedance of the layer would be very close to the simple longitu-

dinal wave impedance. This f.l1 face quarter-wave platt would also

act as a protect:ive coating over the face of the array, not letting

water penetrate between the elenents and mechanically supporting the
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array structure. The penalty for using this approach Is introducing

acoustic cross-coupling between the ele=ents from =odes excited in the

full face layer. As will be shown, it is desirable from angular bea--

width considerations to keep this cross-coupling below 25 dB. However,

even in a fully-slotted array, a face plate is required and the sane

considerations apply. The face plate in this case should be -ade of

an acoustically identical naterial to water. Some polyurethanes come

close to this require=ent. One is used in reference 51 as a protective

face plate which has virtually identical acoustic properties to water.

A 180-ele=ent quarter-wave matched array was designed and built to

operate with fully-slotted .lerents at a 3.8 Mz center frequency. The

array was fabricated by epoxying a 0.018" thick ý 4" - 0.490" wide slab

of PZt-5A with 2000 R thick chro=e nickel electrodes to a 0.012" 4'"

S0.455" piece of borosilicate glass. The extra width of PZT-5A was

included in order to make electrical connection. The thin-bonding tech-

nique of Papadakis
3 3 

was used to insure a negligibly thin bond between

the glass and ceramic. This slab was then epoxied, using the same tech-

tniquetca backing of silicon carbide loaded epoxy (Z - 9.(10) ) formed

Into a long wedge shape (2.5" x 0.5") with a lossy flexible epoxy coat

around the wedge. The long wedge shape with an included angle of 11.40

enabled the acoustic waves to be reflected fron the sides of the wedge

8 times before being re-reflected back towards the ceramic. The in-

creased path length and -any reflections served to attetuate the signal

greatly by loss in the backing (8 dB/c=). mode conversion Into shear

waves, and refraction into the surrounding lossy flexible epoxy. A

wedge with an included angle of 200 would have only three reflections

1- 07 -
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before being directed towards the ceramic. Experimentally, a co=ercial

transducer (3.5 Y-.z) was used to launch a pulsed signal into the backing

* wedge. The resultant signal noise was 50 dB below that of a reflected L

signal from a flat surface in aluminum 1 cm thick. Electrical connec-

tion was cade with 0.001" thick brass leads 0.010" wide on 0.020" centers

soldered to both edges of the ceramic. A 0.004" thick piece of Dow 332

epoxy was then cast onto the front of the glass to make the outer quarter-

wave plate. The electrical connections were brought down the sides of

the backing by leads on printed circuit boards. The ele--ents w-ere then

diamond sawed with a 0.006" blade. The kerf of the saw vas 0.008" re-

suiting in elements 0.012" wide on 0.020" centers. A photograph of this

array is shown in Fig. 3-19.

in this configuration, G - 1.5 for the epoxy section and if

operating in the extensional node, an expected phase velocity of

1.35(10) and Impedance of 1.66(10) from Fig. 3-18. Hence this section

is virtua7ly identical to water and has little effect on the character-

Istics of the elem-ent. The experimental impedance for this element is

shown in Fig. 3-20. A pronounced peak at bandcenter is unexpected and

appears to result from the epoxy section mode hopping to a higher order

mode where the effective impedance and phase veloci:y are much higher.

As t:Ie width of the epoxy quarter-wave catching layer is greater than

the height by 50Z in this case, it is difficult to predict the exact

nature of the fields in the section. The electrical impedance of a

transducer element is shown in Fig. 3-20 compared to a theoretical

calculation where the nodaL velocity and impedance of the epoxy matching

section is taken to be the simple plane longitudinal ones (v, - 2.T5(10)3

Z. " 3.38(10) ). in this case, the thickness of the epoxy matching

- 108 - j
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section is 0.153 w where 1 is the vavalecgth corresponding to
o o

the resonant frequency f of the ceranic.. Thia Is ;let cleoc to

the optimal quarter wavelength thickness and gives a very peaky

frequency response. The match between theory and axpenineoc Is not

very good, but this calculation does predict the 3trmng peak near fo

shown In .he experl.mentzl date.

in order to smooth out the frequenly rcspoose of the array ele-

_tnes, an additiona.l 0.00W" thick layer of epoxy w-se glued onto the

face of the array so that the total thickness of the epoxy. •as 0.003".

In addition, before this layer vag attached, a vixture of higly

absorptive silicon carbide loaded polyuretbhrn was vacuu impregnated

into the grooves lbe;veen the array elements. This neasure served to

dsop out the i;reral r.sonarnce of the transd!ucer elenents ;-i;ch had

been evident .•a the impulee response. It also gave greater structural

rigidity to the array itselt. ,he QAdition of the extra layer of epoxy

had the desired result in that the frequency response of the eln--ents

was s=oothed out as shown In ,a plot of the -lectricýal input impedance

in FL;. 3-21. A theorztical cuve !!t shown in Fig. 3-21 which assu=es

I that tht nodal velocity cnd impedance of the epoxy, including the slotted

section and the extra full face layer, are the si=ple longitudinal ones.

The natch is not good, especially at the high frequency end where the

theory does not predict the low radiation resistance seen in the experi-

mental data. The cozplicated nature of the =odes excited in the slotted

epoxy =atching section appear to preclude a better prediction of the

transducer characteristics. However, the smooth frequency response of

the element yields a co€pact i=pulse response as wiil be shown. The

insertion loss is quite low as well.
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The insertion loss of the transducer array elements was determined

by first connecting 14 elements in parallel so that the effects of dif-

fraction loss would be largely eliminated in the reflection =Ode experi-

rent to be described. This procedure gave an input impedance of 52 oh=s

at -450 at 3.5 ."-z so that the elements could be matched to a 50 ohm

generator. The transmitted signal was reflected off an air-water

interface approximately 0.5 cm away, and the received signal measured

with a high impedance probe so that the transducer elements were loaded

by the 50 ohm generator. The total 14-ele=-ent length was 0.7 c= so that

the path length in water was well within the Rayleigh range (approxi-

ately 10 c= in this case). An additional 2.2 dB was added to the ex-

perimental data shown in Fig. 3-22 to account for the reflected signal

which was incident upon the gaps between the elements (0.008" gaps to

0.012" wide elements). This assumes that the signals produced from the

individual elements would diffraction spread and upon reflection pro-

duce a uniform bean incident back upon the fece of the transducer array.

As seen in Fig. 3-22, the minimum round-trip insertion loss is

11 dB at 3.85 .vRz, and the 3 d3 fractional bandwidth is 45-. The 3 dB

cutoff frequencies are 2.73 Mi:z and 4.2t ýSz. The 6 dS cutoff fre-

quencies are 2.57 ýMz and 4.43 .hz. The bandshape is flat over the

passband with a 1.5 dZ bump at 3.8S z.. For co--pari-on, -the theo-

retical insertion loss of an element with the gt-w psra:eters as in

Fig. 3-21 is also shown in Fig. 3-22. The theoretical case shows 5 d3

round-trip insertion loss and an 82Z 3 dB bandwidth. The extra 5 dB

loss in the experimental data is difficult to explain but is consis-

tent with practically every transducer the author has made. M~ost of

the loss in bandwidth occurs at the high frequency end as was noted

4 - 113-
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earlier. The decrease in bandwidth is responsible for the extra cycle

in the experimental impulse response shown In Fig. 3-23, over that

expected of a 70-80Z bardwidth transducer.

The experimental impulse response was also measured using the

14 elements connected in parallel and observing the reflection off an

air-water interface. The excitation was a single 3.0 .i.z cosine pulse

generated from an Ex.-ct 7271 generator and is shown in Fig. 3-23(a)

as loaded by the transducer elements. The impulse response is shown

in Fig. 3-23(b) and consists basically of a 5 half-cycle response at

3 iMiz.

Since each transducer element hLas a very high impedance, on the

order of 750 ohms, it is necessary to transform this Impedance down to

30 ohms for optimal impedance matching into a 50 ohm cable. Transform-ers

were wound with an 6:31 turns ratio on high permeab~iity ferrite cores

(Indiana General 7704) so that the impedance of an element was 50 ohssat

3.5 .Mz. The large number of turns vas necessary to increase the para-

sitic parallel inductance and resistance in the transformer to large

enough values so rt'st they had minimal effect on the bandshape and

insertion loss of the elements. The transformers take 50 V on the

primary without saturation or 200 V on the ele.ent itself. The parallel

inductance does not affect the real part of the ele--ent impedance above

1.6 XImz, but there is a slight tuning effect on the imaginary part. This

| would serve to lower the insertion loss by a small amount.

* .The i-pulse response of a single impedance =atched element was

I .•measured by ?. Grant by reflecting a signal off a 0.018 =- diameter wire

target. The excitation and impulse response are shown in Fig. 3-2".
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1-O.2 /Lsec

(a) EXCITATION

iff

--- O.5lo sec

(b) IMPULSE RESPONSE

FIG. 3-23. Experimental izpulse response of 14, elements of array
in Fig. 3-19.
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(0) EXCITATION

(b) IMPULSE RESPONSE

71G- 3-24. Experim~ental impulse of one element of array" in
Fig. 3-19 reflected off wire target.
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* The excitation was a 0.25 usec wide square pulse in this case. The

i=pulse response shows a 3.5 M0z 5 half cycle response ver7 similar

to that shown in Fig. 3-23(b). Additional ringing 14 dB down from

the main response is observed wnich extends 1.5 .sec beyong the main

response before decaying away.

The angular acceptance of a single impedance catchee ele=ent was

=easured by rotating the array about the long axis of the elemnt

while insonified by plane wave from a transmitting transducer The

=easured angular acceptance is shown in Fig. 3-25 for four frequencies

and is co=pared to L,:e theoretical response predicted from Eq. (1-1).

The measured 3 dB acceptance angles were t240 at 2.5 ,fl.z, :230 at

3 .MIz, ±16° at 3.5 l!Cz, and :6.5° at ... z. The values are much less

than the ideal values of 610, 470, 380, and 310, respectively, obtained 9

from Eq. (1-2). These low measured acceptance angles are attributed to

strong cross-coupling between .he array ele=ents, mostly in the full

face epoxy layer on the face of the array. However, the acceptance

angles are adequate for cost imaging systems.

G. CROSS-COULING BEThrEN ARRAY EL'uTS

Acoustical and electrical cross-coupling between the elecents of

an array can produce undesireable artifacts in the spatial frequency re-

sponse of an Individual element. As shown In Eq. (1-1), the spatial

frequency response of an eiement with no coupling is a simple sin x/x

IU
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response:

"F(O - sin(kL sin i/2)/(kL sin e/2) (1-1)

!here k is the wavenunber in the load rediu, L the width of the

ele=ent, and -. is the angle away from the surface nnor--l. If the cross-

coupling is large, the spatial frequency response can be quite different

than Eq. (1-1) dd the angular beam width reduced significantly. One

kind of cross-coupling would be distributed coupling in an array fz-ae

plate. If the acoustic impedance of a face plate were different than

that of the load =edium, a transmitted signal from one ele-ent would be

partially reflected from the face plate-load interface and be transmitted

at points laterally down the face plate away from the t-ransaitting elem-ent.

The net effect vould be an effective radiating surface wider than :he trans-

=itting element. The spatial frequency response would be somewhat like

that of Eq. (1-1) except that the width, L , of the element would have

to be replaced by an effective width, L , where L > L • Therefore,

the acceptance angle would be smaller than that predicted by Eq. (1-1).

Radiation from excited filler material between slotted elements could

also have this effect.

Adjacent ele=ents to the transmitting element can be excited acous-

tically or electrically. A simple theory can be constructed to account

for this sort of coupling by assuming the coupling a-plitude to be of

18
the form ae where a is a coupling coefficient and 0 is a phase

th n InO
shift. The coupling to the n nearest neighbor th-n will be m e

Mhe spatial frequency response is easily shown to be

F(4) - A sinc(kL sin 12) [1 - 2 n eo cos(nk, sin ])] (3-81)

0

- 12o -
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where I is the center-to-center spacing and X is the number of

"neighboring element pairs. As can be seen in Eq. (3-81), the first

term is just the uncoupled sin x/x response of a single element.

The term in brackets is the modulation due to excitation of neigh-

boring elensents.

Some of the effects of cross-coupling can be demonstrated by examin-

ing plots of the spatial frequency response show,-n in Eq. (3-81). in

Fig. 3-26. ;F(a); is shown for several values of coupling coefficient

"including only nearest neighbor coupling and assuming 2ir- phase shift,

a center-to-center spacing to width ratio (IMl) of 2, and k - 168

It can be seen that coupling of -20 dB introduces fairly significant

modulation of :he beam pattern and a reduction in the 3 dB half bean

width from 400 to 150. Similar results show that cross-coupling should

be kept to below 25 to 30 dR in order to achieve broad acceptance angle

A transducers. The effect of phase shift can alter drastically the form-

of the spatial frequency response as seen In Fig. 3-27. In this figure,

!F(M)I is ;lotted for 00 and 90F phase shifts for -3 d3 element-to-

element coupling including 10 pairs of neighboring elements. the sai-.

parameters are assumed as in Fig. 3-26. In this case, when a 900 phase

shift is introduced, there is a minimum in the response at e - 00

instead of a maximum. As can be seen, interpretatio= of the spatial

frequency response can be complicated when the c•upling is strong.

Miost of the arrays built by the author had elements connected in

parallel in pairs in order to introduce zeroes in the spatial frequency

response where the first imaging system grating sidelobes occurrd.

Therefore, the angle of acceptance of one double element uas dominated

-121-
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bya term like cos(kZ sin e/2) . However. one tungsten-epoxy backea

array was built in which a 0.00V" thick epoxy face place was cast onto the

front of the array and in between the individual elenents. The array

has 0.0147" wide double elements with 0.025" center-to-center spacing

between the elements. The epoxy face plate and filler introduced

strong cross-coupling in the array which is e-ident in the angular

acceptance curves shown in Fig. 3-28. Since the curves in Fig. 3-28

are only shown for !a; < 200, the peaks at e = 400 to 600 from the

double element are not seen. However, the changes in the spatial fre-

quency response due to the cross-coupling are evident and are strongly

frequency dependent. A frequency varying phase shift could yield the

response seen in Fig. 3-28. It is clear that filling in the spaces

between elements with material like epoxy and using a face plate

"acoustically different than water unacceptably degrades the spatial

frequency response of the array.

A plot of acceptance angle for a lead-backed array with a thin

.Mylar face plate is shown in Fig. 3-29. Good agree=ent between experi-

=ent and theory is shown In this plot with small cross-coupling intro-

ducing snall peaks at =230. In later arrays, a comercial brand (3-)

plastic self adhesive clear plastic tape was also found to be accept-

able as a face plate and had the advantage of being very easy to apply.

This tape is 0.005" thick. Is vary flexible, and stretches easily. The

tape was applied by vacuum suctioning the tape down to the face of the

array. The angular acceptance of the tungsten-epoxy backed array

described in Fig. 3-15 which uses this tape as a face plate, is shown

in Fig. 3-30 at frequencies of 2.5 ,0z, 3 .iz, and 4 MR.=, respectively.
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(a) 1.9 MHz

(b) 2.1 MHz

-20° 20°
(c) 2.4 MHz

FIG. 3-2b. Experimental angular response of an array "ich a large
amount of cross-coupling.
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O f z. 2.5MHz

0..

-60 -40 -20 0 20 40 60
'1.2

0

z 0.4

0
?T 0.2

o1. 
f 4 M MHz

< LOA

J0.2

-60 -40 -20 0 20 40 60
ANGULAR ACCEPTANCE, OEGREES

FIG. 3-30. Con-parizon of theoretical and experir-ntnal angle of
acceptance of tungsten-epoxy backed arra7 elen-ent.
Same array as show~n in Fig. 3-15.
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The measured acceptance angles of 250. 280, and 130, respectively, are
some•hat less than the theoretical angles of 480, 380, and 280 predicted

from Eq. (1-2). However, there are no large Deaks or valleys in the

overall beam pattern. A best solution would be to use a material with

acoustic properties similar to water for the face plate. As -mentioned

earlier, some polyurethane materials meet this requirement.
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CHAPTER IV

MONOLITHIC T•A•SDUCER ARRAYS

A. INTRODUCTION

A second type of transducer array suitable for acoustic imaging

makes use of an acoustically matched monolithic slab of piezoelectric

material onto which individual electrodes have been deposited to form

* the array elements.18,19"42 Standard photolithographic techniques

Smake the construction of this kind of array a relatively simple, flexi-

ble, and inexpensive process. By acoustically matching the ceramic

with a matched backing or with quarter-wave plates into the load, not

only would the baedwidth and efficiency be greatly increased as already

discussed, but also the acceptance angle can be made to approach the

critical angle of the load-ceramic interface.

In an unmatched transducer, waves entering the ceramic from water

will bt reflected and re-reflected within the ceramic because of the

high impedance mismatch at each surface of the transducer. These reflec-

tions add to give a strong signal near normal incidence, but at angles

other than normal, the signal level falls radically. This can be quanti-

fied by reasoning that the transducer response is maximum when k1 cos6 8

wnere k is the propagation constant of a wave In the transducer material,

L Is the thickness of the transducer, and eo is the angle of the wave

propagating through the ceramic makes to the normal, as shown in Fig. "-i.
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An unbacked PZT-5A transducer with water on one side has a Q. of 36

from Eq. (2-6), so the bandwidth would be only about 3%. From the

above formula, the angle of acceptance in the ceramic would be where

cos 8c - fo/fu - 0.985 or 0e - ±9.90 . From Snell's law then, the

angle of acceptance is where the incident angle is 6, - ±3.40 * In

addition, the reflected waves bouncing back and forth down the mcono-

lithic slab would result in strong cross-coupling to adjacent elc-

trodes. The slotted transducer is free from this defect since the

only communication is acoustically through the backing or face plates

or electrical pick-up.

These problems can be overcome by acoustically matching the piezo-

electric material on either face.
1 8  

In this case, the Q of the

resonator will be small, and the plane wave entering the transducer will

not be re-reflected from the matched face. Thus, there is no build-up

of field at normal Incidence, and the angle of acceptance and bandwidth

will be large. An angle of acceptance approaching the critical angle of

water to the active material can be obtained in a well-matched trans-

ducer array. For PZT-5A (va 4.35(10)) , the longitudinal critical

angle in water is 20.20. For lead =etaniobate, this critical angle is

320.

An interesting case utilizes PVF2 plastic film as the active =a-

terlal. Since the impedance of PVF2 is 3.82(10)6,32 a broadband trans-

ducer with good efficiency can be easily constructed30 without the use

of quarter-wave plates. Also since the velocity of PVF, is only

2.15(10) , the longitudinal critical angle is 440 which is larger than

any other piezoelectric material for thiz monolithic structure. Theo-

retical predictions of the spatial frequency response of such an array
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is included in Section 4-E.

SMonolithic arrays should also prove to be very useful in some ron-

destructive testing applications. In this case, the monolithic slz.b

could be affixed directly to a glass or metal block wýich would be in

direct contact with the test sample. Alternatively, the piezoelectric

slab could be in direct contact with the test sample. Longit:dical or

shear waves coulc be directly coupled into the sample; or by using mode

conversion at a free boundary in the block, shear waves could be launched

into the test specimen from a longitudinal wave array. With the ideal

impedance match available in this case, excellent efficiency, band-

width, and broad beamwidth operation can easily be achieved without the

necessity of slotting. One such array was built and is described in

Section 4-F. This array, using PZT-5A on aluminum, showed the excellent

broad, uniform beam pattern predicted by theory. o.onolithic arrays

shoulo find wide application in nondestructive testing ipplications.

B. THEORY OF ANGULAR DEPE•ED•CE OF MONOLI-HIC TIZLASDLCER

A simple physical picture of the angular dependence of a monolithic

transducer element can be obtained by considering the simplest possible

case, that of a transducer with perfectly matched backing, as illus-

trated in Fig. 4-1. A plane wave with displacement amplitude ui is

assumed to be incident on the transducer from the water load at an

angle a1 " The longitudinal component of the refracted wave travels

in the transducer at an angle e. determined by Snell's law. Assuming

that u and T3 are continuous at the interface, the transmission
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coefficient can be obtained and the induced voltage V expressed in

terms of the acoustic velocity amplitude of a plane wave tntering the

array at incident angle 1 . Shaar terms are ignored for si-plicir7,

and u is taken as the displacement corresponding to a plane wave

propagating in the ceramic at an angle a to the z-axis. The .agni-0

tude of the propagation constant ko of the wave is determined from

the stiffened velocity and is in the dir'ý4tion 8 In this case,

strains dasociated with the gave are

2

S3 - -iiot° co~eo - -iku~o cosB *o (4-1)

51 - -ikou sin 8o - -ikoz sin G3 tan E , (4-2)

and the exponential dependence has been suppressed. AssumiEng open
circuit conditinns (D - G) one then obtains the results

z

I2
T 3  - -ik 0u .4osB e c 13 + 3l tan

2 
a (4-3)

-2 -

33 3 3 (lez 3 /co 3 3) and c3 1  31( 3 e 1 /c 3 1 t) , and

-ik z coso
ikoUo cose° e 2

Ez 0 c 0 (eZ3 •ez tan 2 ) ('-4)S z
•zz

where it is assured that e 3  is zero as in the case of ferroelectric

cera=Ics. Integration of Eq. (4-,) across the :tansducer gives the
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Svoltage in terms of Uoz , or

L _i(koZ/2)cOS-o

iV uzZ -Ico oz e S 0 sin( Cosa°

0 Czz

x (ez 3 + ez1 tan
2
60) (4-5)

Taking u. ar-d 13 continuous at the interface, the transnission coef-

ficient can lj. obtained and the induced voltage V expressed in terms

of the particle velocity anplitude of a plane wave entering the array

at incid'nt angle i " Equation (4-5) then beco=es

2-ez3vi cose.[cos2e° + (e z/e z3)sin2 1

- o Cosa + (ZX. ()cos o9o + ( 2131:33)sin so]

sin(a0 )( l ;)Cosa I ,0'1
-sin[(i/2) (w/wo)0 co]0 expl-i 1

7 -a. coseoJ (4-6)

(z/2)(W/Wo )COSeo %2 w

where Z. is the transducer ipedance, ZW the L.pedance of water, and

Sard 9. are related by Snell's Law.

24
Inspection of Eq. (4-6) shows that IV! is =era where tan =

ez3/e.I since e.1 is negative in piezoelectric ceranics. If ez,

were zero, the zero in IVI would occur at 9 - 900 which is the longi-

tudinal critical angle. For nonzero ezi , the zero in iV! occurs for

values of e less than 900 or equivalently for angles of incidence less
C

than the longitudinal critical angle. In PZT-SA, the z~ro occurs at

* 01 - 17.30 , about 30 less than the critical angle of 20.20. The voltage
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is a maximum near k 0 cosS -a or cos S 0 - /w . Thus, for :j > "a0 00 0

the response rises to a maximun as 9 increases froa zero and then falls

to zero near the critical angle.

A nore compiete theory taking into account shear waves has been

18 53
developed,8I' anri the r.eulUt prcgr.4m.cd for calculation on a digital

computer. The program can take a large number of layers of isotropic

materials of various acoustic properties so that multiple quarter wave

matched and backed arrays can be evaluated. The general results in Eq.

(4-6) are bo-ne out by this more complicated theory as seen in Fig. 4.-2.

The theoretical angular and frequency dependence for a monolithic array

element is shown in Fig. 4-3. This transducer is &:qu..ed to be backed

with tungsten-loaded epoxy of impedance 22(10)6 and lcngituoina4l veloc-

ity 1.46(10) 6, where the ceramic is PZT-5A (see Table 3-2), and radiating

directly into water. From the figure ont can see that broad angle opera-

tion up to t150 acceptance angle can be obtained over a 5C0 bandwidth.

C. MERXD-'TA1L RESULTS WITH 3AOC"D MOVOLITHIC AR.:RAYS

A •ive-elenent test array was constructed by soldering 1.092

(2 Fitz) thick PZT-5A onto a thick lead baLking. The array elements were

constructed by depositing 38 = long, 0.279 -= wide Cr-Au elcctrodes on

1.524 = centers onto the face of the ceramic slab. The angular depen-

dence of each element was n-easured, and the relative output power is co=-

pared to the theoretical result at one frequency in Fig. 4-4. The width

of the element electrode is chosen to be small conpared to a wavelength

at 2.7 Y0~z (1.35 fo) so that the angular response is unaffected by the

phase variation across the width of the electrode. Good agreezent

- 135 -
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1.2 - SIMPLE THEORY
WITHOUT SHEAR
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-G.4-2. Cc--pari-son of tbeareti~cal angular responses of a=oolithic ar-*y ele=ent.
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between theory and experiment can be seen in Fig. 4-4. The measured

response, however, has a pronounced peak at 0o incidence which is caused

by coupling to the adjacent unelectroded ceramic. The peaks at t260 are

the result of coupling to shear waves beyond the longitudinal critical

* angle. This effect occurs in all monolithic arrays and yields a bea=

pattern that is unacceptable in moat imaging systems where the load is

water. In the next section, a method for eliminating these large peaks

beyond a for water-loaded ceramic arrays will be discussed.
c

In Fig. 4-3 the effect of grounding the adjacent elements can be

seen for the test array element in Fig. 4-4. It can be seen that the

angular response of the transducer Is greatly affected by this simple

procedure and that it more closely approximates the point response

theory discussed in the previous section. The small size of the peaks

in the angular response beyond 9Z in Fig. 4-5 is attributed to the
c

coupling to the adjacent ungrounded ceramic. Spacing of grounded areas

around a monolithic element appears to change the angular response of

these peaks in a complicated manner. Grounding the entire region around

the element results in a dramatic change in the angular response, as can

be seen in Fig. 4-6. In this figure. the angular response of an element

from a 60-element tungsten-epoxy backed 2 F&~z monolithic array is shown

for nor-alized frequencies f/fo 1 and f/f - 1.25 . The adjacent area

is grounded. The large peaks beyond eL are due to excitation of shear

and Rayleigh waves and is predicted by the complete numerical theory.

The dip between the peaks corresponds to the shear-longitudinal critical

angle S . The small peak at 0 is due to some capacitive pickup notc

affected by the adjacent grounded area. The large peaks in the angular

response make this sort of array useless in most imaging sy.sems. A

- 132 -



aa

a.- 
cli

CO,

wI-I.

J j - -ILI*

- CD

£00
w 71

SP '8flMOd J-fld.LO 3AIi.VJ-3,

-139 -



CO U

0. 0
0 O

IXI

00WU0 -0 U;

W1 ...<.0E (j) c

00

01-0i Z
41r4Z z I

0 8P0 '8M~ LniO3A.-3

4cn0



-° 0 0

-900 0 + 90

(b)

ANGLE OF ACCEPTANCE, DEGREES

FIG. 4-6. Angular response of tungsten-epoxy backed 2 Mat zono-
1l.thic array eleme-'..vith adjacent ceramic grounded:

(a) f/f - I
(b) f/f° - .;-5141
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solution to this problem is to introduce an angular filter into the

transducer design to cut off the response beyond 0 or use a lowerS~c
velocity piezoelectric material. These approaches will be discussed

in the next sections.

The bandwidths of the monolithic test array elements reported here

are 50% as expected from the 3jiple impedance matched transducer theory.

PHowever, a good march ttween theory and experimental results for the

electrical impedance was not obtained from the simple point response.

The electrical impedance of a test array element is shown in Fig. 4-7.

The flatness of the impedance characteristics is excellent and is much

flatter than expected from the simple transducer theory.

D. ELIXINATION OF AN•GULA? RESPONSE BEYOYD LONGITUDINAL CRITICAL

ANGLE

As seen in the last section, monolithic transducer arrays made from

high velocity piezoelectric ceramics radiating into a low velocity load

such as water have large peaks in the angular response beyond the longi-

tudLnal critical angle. These peaks are the result of excitation of shear

and Rayleigh waves in the ceramic and they are undesirable in cost imaging

syste=s. One method of eliminating these peaks is suggested here which

employs another teaterial acting as an angular filter located between the

load and the ceramic whose properties are chosen so that the response

beyond the longitudinal critical angle is cut off. Such ar angular fil-

ter might also be used to eliminate system grating lotes as -ell. Ideally,

this =aterial would hava nearly the sane impedance as the ceramic so as .-ot

to greatly affect the overall transducer response, or the impedance zould

- 142 -
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be chosen to be the first layer of a set of quarter-wave matching layers.

The angular filtering property would be achieved by choosing the material

which has wave velocity much greater than the load longitudinal velocity.

The angular filter would then have small longitudinal and shear critical

angles, and very little response would be induced in the ceramic beyond

the ceramic to load longitudinal critical angle. Ideally, V. and Vs

of the angular filter would be nearly equal so that the response would

fall off for both waves at about the same angle. In the angular filter

beyond the cutoff angles, the field amplitude will fall-off across the

filter as exp(-!k "yj) where

r [(sin ei)' I

and

ks . .1 - (4-8)

The thickness of the plate should be chosen so that these amplitudes are

s--all at the filter/ceramic boundary.

A simple case is a PZT-5A monolithic array with a matched backing.

The theoretical angular response of an element is shown in Fig. .- 8 for

several frequencies. The large nonuniform response beyond e - 180 is

evident. An excellent choice for an angular jtlter in this case is

magnesium oxide (MgO. Zt = 34(10)6, VL . 8.85(10)6, V. - 6.37,10)6).

The impedance of MgO is almost identical to that of PZT-5A, and the

velocities are very high and close to each other. The critical angles

are - 9.60 and 8: 13.4' The angular point response of thecr c
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filtered monolithic transducer is shown in Fig. 4-9 for several values

of HgO thickness at the half-wave resonant frequency. The exponential

Sdecay from the angular filter is evident in all cases. The best choice

of thickness appears to be about one-third the resonant frequency wave-

length. Below this, the decay is not rapid enough to eliminate some of

the peakiness beyond the critical angle; and above this, the decay fro=

the longitudinal cutoff is too rapid which introduces new peaks for

3 B eB. A major problem, of course, with this kind of transducer is

that if a layer as thick as 1/3 is applied co top th. ceramic, the

transducer will tend to resonate at 0.50 f and 1.10 f * yielding a

double humped bandshape and conco:aitant non-ideal impuse response.

The application of this type of transducer woald be extremely limited.

Another possibility for a monolithic array is the une of quarter-

wave matching layers where one of the matching layers with a high

longitudinal velocity acts as an angular filter. One such design was

pursued theoretically u~ing silicon (Z . 19.(10). V* - 8.43(10)

Vs = 5.84(10) 6) as the first of three quarter-wave plates. The other

layer materials were a tungsten-epoxy composite (Z, = 7(10) 6) and poly-I6
styrene (ZU - 2.4(10)0). The theoretical angular acceptance of this

arrangement is shown in Fig. 4-10 for several frequencies. Angular

cutoff is achieved, but the A/4 thickness of the silicon necessary

for optin• transducer response does not allow the fields to die off

fast enough when e > el to prevent some peakiness. In addition,

Vz and V for silicon are far enough apart so that the decays from

the two shear and longitudinal filter cutoffs are not coincident enough

to prevent peakiness inside Bc . Finding a suitable material to act
c
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,1 as both matching layer and angular filter is a formidable, if not

impossible, task. An array of this nature would be difficult thea to

inpiement in practice.

?I P'2 MONOLITHIC AIRAYS

As mentioned in previous sections, large differeoces in longitudi-

nal velocities between the piezoelectric section of the transducer and

the load -medium will cause a zerc in the angular response at the longi-

tudinal critical angle -t angles like 150 for PZT-5A and water. In

addition, large peaks in the angular response beyond this point result

fro= coupling to shear waves in the trvnsducer. These effects can be

reduced by using a piezoelectriclload configuration where the longi-

tudinal velocities are similar and where the shear wave impedances of

the two media are fairly close.

SOne structure of interest uses FVF2 as the piezoelectric, backed
•1 32

with a high Impedance -ateriai like brass, radiating into water.

The long$tudiral wave cutoft is 4_40 as mentioned earlier. The trans-

ducer would operact near a quarter-wave resonance in this case, how-

ever, since the PVF 2 is terminated at :he back essentially by an

Infinite backing i=pedance. As shown in Fig. L-1i, the theoretical

angular response of this transducer is plotted for thicknesses of

0.2 and 0.3 of the acoustic wavelength in VF2'. The coupling con-

stant e13 was taken to be zero in these con-,u:ations, although in

fact it is quite large. Later computations including e 1 3 and shear

wave loss have been =ade by Shaw, Ueinstein, and Drake.56 As can be

seen, the angular response is broader than the case of ceramic and

1- 19 -
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water, but not as broad as expected. In addition, there are large

peaks in the angular response beyond 8e" due to the mistratch of theS~c
shear wave in FI'.,. This effect may be largely reduced in practice

since PFI, is probably very lossy to shear waves. The theoretical point

response progra, does not include any loss. If these peaks are reduced

in practice, then one would expect an acceptance angle of 30 for

f - 0.4 f and only 70 for f - 0.6 f This low angular acceptance

was not expected and may result from operation of the transducer near the

"quarter-wave resonance with a reflecting backing instead of at a half-

wave resonance. The calculations in Reference 56 show that the large

negative value of e 13 does reduce the angular acceptance by reducing

the received signal in the regime beyond the small peak at 220. The

very strong peak in the bean pattern at 540 is considerablf reduced by

"introducing high shear wave loss, however. It is evident that much

more work is needed to build -aolithic transducer arrays with

large angular acceptance.

F. CER&%IC OA MITAL MONOLITHIC ARRAYS

An important application of monolithic transducer arrays lies in

the area of nondestructive testing. In this case, inages of flaws can

be produced by directly ccupling the acoustic energy generated by the

transducers into the sample to be i=aged instead of using an inter-

vening low impedance coupling medium like water. A longitudinal or

shear wave array of high velocity ceramic like lead zirconate titanate

can be directly coupled into a sample or attached to a buffer material

which is then directly coupled to the sample. The advantage of this

technique is twofold. First, since many of the typical =mterials of
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interest in nondestructive testing, such as steel, aluminum, and ceramics,

have hiSh impedances like that of piezoelectric ceramics, a high efficiency,

broad bandwidth array can be easily produced without the use of quarter-wave

marching layer-. Also, since the acoustic velocities of these materials are

as large or Larger than those of the transducer =aterial, there are no

longitudinal-longitudinal or shear-shear critical angles, thus allowing

broad, uniform spatial frequency responses for nonolithic array elements.

To demonstrate the use of =onolithic arrays for this purpose, a

longitudinal monolithic array was constructed by epoxying a slab of

PZT-5A ceramic onto an aluminu= buffer block.

In the case where the load medium velocity is greater than that

of the piezoelectric mterial, there is no longitudinal wave critical

angle. Theoretical curves were computed for PZT-5A ceramic

6 6(VZ - 4.35(10) ) radiating into aluminum (V, - 6.3(10) ) and compared

to experimental values for the same configuration. The expericental

"data were taken by epoxying a 0.500" x 0.031" slab of PZT-3A ceramic

onto the edge of an aluinum= plate 2" thick by the usual thin bonding

technique. Sixty array elements uere defined on the ceramic by etching

"away a 1 ;= thick Cr-Au film on the top surface of the ceramic. The

elements were 0.020" vide ' 0.450" long and the area around the elements

was left covered with gold and grounded to form a shield. -ne zadiation

pattern of the center elemen- was deter-mined by =achining :he plate In a

cylindrical surface of 3" radius around the center of the array. A 3/4"

diameter, 2 .lz thin disc transducer was bonded to a block of aluminum

with a front surface matching that of the plate. The angular response

was easily checked by =oving the transmitting plane wave transducer

around the surface and receiving the signal with the center monolithic
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array element as a function of angle. The angular responses for

f f - f and f - 0.8 f are shown in Figs. 4-12 and 4-13 and compared

to theory. Excellent agreement betvween theory and experiment are denon-
- 0

strated in these figures, and acceptance angles of 370 and 330, respec-

tively, are shown. Little evidence of excitation of shear waves is

seen, although the snail peaks In Figs. 4-12 and 4-13 at 400 could be

caused by this effect.

As can be seen from Figs. 4-12 and 4-13, excellent monolithic

transducer arrays can be constructed for this important area of appli-

4 cation in nondestructive testing. The excellent impedance match between

zetals and piezoelectric ceranics allows the simple construction of

extremely efficient transducer arrays with 50 to !00: bandwidths de-

pending on the exact properties of the metal and ceranic used. In

addition, broad and uniforn spatial frequency responses are auto--a-

tically obtained since critical angle phenonena are elininated. Mono-

lithic arrays should become an important part of future nondestructive

testing imaging systems.
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APPE•DIX A

PROOF OF THE VARIATIO•AL FOP,. OF LOAD ADMhI-TAKCE OF

A XARROW SLO =PE TRANSDUCER ELE'EI'T

"An expression for the effective admittance of a narrow slotted

element radiating into an infinite half-space was derived in Section

3-Dl. In this appendix, it is shown that this expression, Eq. (3-58).

is variational in form with respect to the assumed stress field T3(x)

The expression for the admittance is

ffT*3 (x) V(x.x') T3 (XW) dxdx'

V . - (3-58)

fT 3 q dx fTq dx

By definition, (3-58) is variational in form if 6Y, . 0 when T is

changed only to first order. Taking the first order variation in Y "

one obtains

T • . _ %, (5T3d d.d'+,f qdf( ,.d

6Y 1 3, OT ) dxd : ' d

f -3qdxfTq 1 x

y (f6T,)q *dxfTrqldx *fT3q~dxfkST )q1 d.]

or

(rqldxjfT~g~dx 6y1 i. -f/jSTs)ST dxd.x + ~ d Yf 3 df(ZT*) qldx

VO 3)dxdx' + Y S~iT )qldxfT~qldx
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Fro= (3-51) and (3-56), it follows that if higher order modes are

neglected, one obtains

'qd ST f 3 *- -d.J~ (A-2

and

6T 3  (x,)(Xx ') d' f(67 q dx (A-3)

A Z1

Substituting (A-2) and (A-3) into (A-i), one obtains for the right hand

side of (A-1):

I ] I
+1 J 3(x -. ± 6T 3 )qldx dx+Y1 0 6T 3 )qidx 3q1dx

Since (l/Z 1 ) E Yo, all the terms in the above expression cancel out.

Therefore 6lY - 0 and Eq. (3-58) is a variational expression for the

load L-pedance of a narrow slotted element.
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*•- APPENDLX B

GREEN'S FUCTrIONAL FORM OF V (3) FOR ISOTROPIC SOLIDS AND LIQUIDS
z

To evaluate the effective radiation admittance of a slotted trans-

ducer element, it is necessary to determine the Green's function ex-

pressed in Eq. (3-58). This is done as shown in Section 3-D by

applying Parseval's theorem to the numerator of Eq. (3-59). The prob-

len then is reduced to determining the functional form of vz(3) in

terms of T3 (3) for the cases where the load media are isotropic solids

or liquids. These forms are determined in this appendix.

The loading or backing medium is taken to be isotropic which is the

case for the backings employed in the transducer arrays. For an isotropic

material, the acoustic fields can be derived from a scalar potential 6

and a vector potential ; as sbown in Auld. The velocity field is

v-76 +V (81

where 6 and obey the wave equations

2- 2 (1/v2) 2;it2) 2 0

5 M
(3-2)

72 6 IV2 M2 dISV2 6 (1/V 1 )(36/3t2) - 0

Since it has been assumed that there is no y-dependence, Eqs. (B-1)

become

vx - W/1x -at/

(3.-3)

vz - 36155 !-,/ax



where ý--- Cy

Taking solutions of (B-2) of the form

-isx -istz jet
0_ " A e e e

(B-4)

-isx -is z let
SB e e s e

dispersion relations are easily found to be

2 2 2
s k - U/ 

(B-5)(B-5)

a 2 + ' 2 (WV2

Now,

T3 i I + (X + 20S53

(B-6)

T5  -;i,5

where I and u are the Land constants, and

Lijs1  - aVl/ax

lWS 3  - avz/az (B-7)

L,. S5 a !3Z + .•vl/ax
- x
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V

Substituting (B-3) and (B-7) into (B-6), one sets for the stresses at

the boundary (z - 0)

1' 2 2 2 +
ST3  + ( +8 k) -S + .B)B (B-8)3r

--. T5 .

T5 (288)A + (S2_ )B e i(wt-sx) (B-9)

Since we have taken T. . 0 at the boundary, the ratio of B/A is

- found fron (B-9) and substituted into (B-8). Th, result is

T -j- (A( +2)+ 2cu[. 2 I IA (B-10)

where the harmonic dependence has been suppressed. Now it is easily

shown that

2

;- k
2  2 (211

Substituting Eqs. (B-5) into (3-1l) yields

2 2

L. 8 (B-12)S 2_ a 2- 25 2

s I

Substituting (B-12) into (8-10) then yields

"T• A - I 2 E22 + 2 (B-13)

where the quantity in brackets is recognized zs the Rayleigh wave dis-

persion relation.
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Fron Eqs.(B-3) and (3-4), it is easily shown that

v -i s j91 -2(3l

Fro- Eqs. (B-13) axd (3-14), v (3) can be ezpress. in terns of

S 2 ý 2
v(3) - - (3) (B-15)

U L' s E ) + 4s33- :j

In the case where :he load medium is water, another relation is
derived in a similar manner to (B-15). Since liquids can't support

shear waves, the medium is si=ply decribed by a scalar porential.

Thus5,5

ST3 A (zl1 J'3)

, ,

""- I \ zx

Ak'

Sr A - (B-la.)

But

vz - =... - -i3•A

or

3 T(5)
11(-17)
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APPLhDIX C

.I'TECRATIO; OF THE VARIATIO•AL EXPRESSION FOR TVE

RADLATION L'O'EDAHCE OF A SLOTn- ELEH-.T

The --ethod of integrating Eq. (3-6A) is shown in this appendix

and is identical to that of .iillr and Pursey. Since the integranda a
of (3-64) is sy=etric, the integral dS beco-es 2 L ds

Using a nor--alized variable 6 l/ks = -aking use of Eqs. (B-5), and

noting .L (2/Z) , (3-64) can be then written

kg d sin(k a d2)i

tY dc,
2 zs + 'r 2kd-

-CC,

where a 2 (2 (V L and c is Poisson's ratio.

The contributions to YI can be divided Into three regix-es as shown

in Fig. (C-1;. In :he regin-e 0 < E < a , the contribution is entirely

real and corresponds to power being carried away by both lengitdinal and

shear waves. Fra_ the branch cut at r - 2 to the branch cut at r -C

the contribution is both real,. fra shear waves, and i.aginary, fro=

evrnescent longitud.-Ial waves. From I to C - - . the contribution

Is entirely i=aginary, arising from eva.-. . longitudinal a .d shear

waves except at the pole X, The contribution from the pole at C * C5

corresponds to power radiated Into the .aylelg. wave.

162-
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SBRANCH

I NN*~ /RAYLEIGH POLE

£ 4 R L PATH OF
INTEGRATION

:7 FIG. C-1. sche=atic dra-ins cf path of integration used to calculate
the integral in Eq. (3-65).
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The integral in (C-I) was directly integrated nu=erically on a mIni-

conputer using an 8-poin: Newton-Cotes algorithm for various values of

- Poisson's ratio a.d ele--ent width. The path of int-grat-on was taken

along the real axis taking the physically -eaningfui branches of :he

integrand at the branch cuts. The first branch cut occurs zt a =

and the second at -I . These points are where a. = = 0

and is =- 4 2-a 0 Since the physically =eaniogful solution for

> > k. and a > ks occurs -when. the waves are evanescent, the proper

* signs on the square roots are negative, that is

-C = e-xP(-i[-i4 .z)

e 2

S"exp|-- S • z -- z (C-2)

Thetefore Eq. iC-I) for a < I

(C-))

-or the refioe a r -

2

ik 1. 2 sin 7f 2- Iicd 2)j2
Z' 2 )14- S~_ IV _______ _ a_ s _____

(C-3)
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The Rayleagh pole occurs at Z -ZR -where

(I() - "2 - 4RVc-lVs-a2 0 " (C_)
--

R

Since the Rayleigh wave velocity V is always less thano, V

iR > I . The path of integration Is taken around the top half of a

circle of radius r centered at C , r as shown in Fig. (C-I). The"-R

contribution at the pole is detern•ined from the thecre=

If t1i (z-a) G(z) - a-1

J G(z)dz -Ti a_1

r-O

where a-1  Is the residue of the pole. G(z) is the integrand of (C-4);

therefore

2A Q1 -2 sin(ks - d/2)I (z "R
2lal- -- c, - (C-6)

k C Rd/2))ts

The iUnit in (C-6) has been carried aut byvik ero' a.id c.un b-e

directly calculated by evaluating (dFtd•- the contribution to

the zdmittance fro= tne Rayleigh pole Is fntmd to be

4nZ1~~~~2 zl2~4~a t- + 23~

( di)~ I C?

R z/
"( -- ,2 .2 2 5 3•". 2 +r 2f

s~(ksd•-)• &R , (c-7)

(k S dj!2



* and
* a 1

Re(Y 1 } 0 +Ref. + (Y PR (C-8)

T1he i=aginary part is simply

12 - f +f (C-9)

A little care =uset be exercised in evaluating the second integral

in (C-9) to avoid nunerical problems near the Rayleigh pole. For a

sl-ple pole, the Laurent series near the pole is

F(W. - 4+-n + a,(Q, - r-) (C-10)

C - 0ER'~

where 81 is the residue. For 6 Q - E-R) sal, the firzt-order

and higher terms can be neglected. The Integral is then taker in

sections 1 < - and Eh +6<Z< , ere R and 3 ar-

c ,: •,en to mee an 3rb!tra .-r " accuracy. In the regime ( .- 6) <

( 6-d) t the integral is sinply 21a 0
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